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ABSTRACT
POLYELECTROLYTE ADSORPTION ON METALS: EFFECTS OF AN APPLIED
SURFACE POTENTIAL
MAY 1996
MARL\NNE YARMEY, B.S., UNIVERSITY OF MONTANA
Ph.D., UNIVERSFTY OF MASSACHUSETTS AMHERST
Directed by: Professor David A. Hoagland
Electrostatic interactions may direct the behavior of polyelectrolytes at
solution/solid interfaces, with these comparatively long-ranged interactions influencing
both the adsorbed chain conformation and the amount of polymer adsorbed. The
microscopic structure of adsorbed polyelectrolyte layers is difficult to measure,
however, and present knowledge on the subject derives from a relatively small number
of experiments. To provide further insight into the role of electrostatic interactions, this
thesis examines, using in situ ellipsometry, the effect of a variable applied surface
potential on the structure of an adsorbed polyelectrolyte layer at the solution/metal
interface.
Previous investigators reported that significant changes in layer thickness
accompanied variations in surface potential, a phenomenon presumably traced to the
attraction or repulsion of segments from the surface. However, oxidation/reduction of
the surface also accompanies variations in this potential, and these chemical
rearrangements were ignored when the ellipsometric data were analyzed, resulting in an
inaccurate determination of thicknesses and adsorbances. Our study is thus the first to
establish a method by which ellipsometry can be combined with voltammetry to
correctly determine the effects of an applied surface potential on the structure of an
vi
adsorbed polyelectrolyte layer. As part of this method, we have established a protocol
by which ellipsometric results can be corrected for surface oxidation/reduction.
Two amphoteric polyelectrolyte systems are examined: 7-globulin, which
possesses a rigid globular structure, and gelatin, which exhibits a flexible coil
conformation in solution. Both are adsorbed onto platinum from phosphate buffers at
pH values above their isoelectric points, creating a net negative polymer charge.
Locally, however, both positive and negative charges exist simultaneously on the
polymer chains. Due to the extremely rigid conformation of 7-globulin, provided by 16
disulfide bond linkages, no potential-induced changes in adsorbed layer thickness or
plateau adsorbance are observed after ellipsometric data is corrected for surface
oxidation/reduction. In contrast, gelatin's flexible nature would appear more conducive
to adsorbed layer alterations with surface potential. Again, however, upon
investigation, no changes in adsorbed layer thickness or amount adsorbed are detected,
irrespective of ionic strength. The results suggest that lateral segment-segment
interactions within a flexible polyelectrolyte layer are more important to layer structure
than long-range segment-surface interactions.
vii
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CHAPTER 1
»
INTRODUCTION TO POLYELECTROLYTE ADSORPTION
The adsorption of polymers at interfaces plays an essential role in numerous
technologies ranging from enhanced oil recovery, drag reduction, and colloidal
stabilization to drug delivery, biocompatibility of artificial implants, and biosensors.
Over the past forty years, many experimental and theoretical studies have examined the
adsorption of neutral polymers onto solid surfaces from nonpolar, nonionizing solvents.
This body of work, which has been the subject of many review articles has greatly
increased our knowledge of uncharged polymers at interfaces. However, a comparable
depth of understanding is lacking for polyelectrolytes. Because of environmental
concerns, many industrial processes are being modified to use water as a solvent. It is
in this realm that an understanding of polyelectrolyte adsorption becomes crucial. In
addition, the many biomedical applications involving the adsorption of biopolymers at
interfaces also require a knowledge of charged polymer adsorption. Some of these
biopolymers are amphoteric polyelectrolytes (polyampholytes), simultaneously
containing both basic and acidic groups, a feature that further complicates their
adsorption behavior at interfaces.
Studies have shown that neutral polymer adsorption is dominated by short-
range, attractive forces that allow multiple segments of the chain to anchor to the
substrate through strong physical bonds (~ 1-4 kT) ''"'l Only nearest-neighbor
interactions play a major role. Unattached segments of the chain protrude into the
solution above the adsorbing surface and experience no direct interaction with the
surface. Parameters such as the molecular weight of the polymer, the concentration of
the polymer in solution, the solvency of the polymer, and the affinity of the polymer for
the substrate can be used to control the adsorption.
Unlike neutral polymers, polyelectrolyte chains exhibit long-range segment-
segment electrostatic interactions in aqueous solution due to the charges along their
backbones. The length scale for these interactions depends strongly on ionic
strength These same types of interactions arise between polymer and surface when
both are charged. Therefore, such parameters as surface charge density, polymer
charge, and ionic strength can be used to control the adsorption of charged polymers at
interfaces. Unfortunately, these variables are typically not independent of one another
and obtaining a complete understanding of polyelectrolyte adsorption is difficult.
The majority of experimental polyelectrolyte adsorption studies, summarized in
several reviews 5,6,9. 10,15,1 6^ j^^^g ^^y^^^ techniques that measure only the total
adsorbed amount. More detailed information about the microscopic structure of the
adsorbed layer is difficult to obtain. Although many theoretical models '^"^^ can predict
the conformation of adsorbed polyelectrolyte chains, experimental confirmation is
lacking. Ellipsometry, a technique applicable to highly reflective substrates, is probably
the simplest technique that returns some conformational information. This information
can be interpreted as the average extension and refractive index of the layer. From this
information, a minimal description of the structure of the adsorbed layer can be inferred.
1.1 Introduction to Thesis
The objective of this thesis is to provide insight into the structure of adsorbed
polyelectrolyte layers at solution/solid interfaces and to determine the role that
electrostatic interactions play in this structure. An applied surface potential is used to
control the charge on the adsorbing surface. Ionic strength and pH are adjusted in order
to vary the charge on the polymer. In situ adsorbed layer thicknesses, refractive
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indexes, and adsorbances are monitored using ellipsometry so that the conformation of
the adsorbed polyelectrolyte chains might be inferred. Figure 1.1 depicts differences in
adsorbed layer thickness which might be expected depending on whether the
electrostatic interaction between the surface and the polymer is attractive or repulsive.
Literature results 21-25 for the effect of an applied surface potential on the
adsorption of polyelectrolytes at solid interfaces appear to be flawed, as the
oxidation/reduction of the adsorbing surface with variation in applied surface potential
has been ignored when analyzing ellipsometric data. Therefore, we hope not only to
examine the role of electrostatic interactions on the adsorption of polyelectrolytes at
interfaces, but also to establish how ellipsometry can be combined with voltammetry to
correctly determine in situ adsorbed layer thicknesses, refractive indexes, and
adsorbances. Experimental errors and uncertainties must be properly documented and
analyzed, steps neglected by previous workers.
The following pages of this chapter highlight theoretical and experimental works
from the literature that demonstrate the current state of knowledge about charged
polymer adsorption. Chapter 2 reviews the fundamental principles of ellipsometry,
along with a description of the ellipsometer solution cell which was constructed to allow
for in situ adsorption measurements. Instrumentation necessary to apply a potential to
an adsorbing surface is also detailed in Chapter 2. Chapter 3 describes the effect of an
applied surface potential on the structure of adsorbed y-globulin. In addition,
experimental evidence is presented that demonstrates oxidation/reduction of an inert
metal surface during variation in applied potential, even after polymer chains have been
adsorbed. A method to correct ellipsometric results for this oxidation/reduction is also
described. Because y-globulin is a globular protein with a rigid tertiary structure, the
polymer is not an ideal candidate for studying changes in chain conformation arising
from variations in applied surface potential. Therefore, attention turned to a
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polyelectrolyte that exhibits a random coil conformation in solution and adsorbs in this
state onto an inert metal surface. Gelatin, a flexible polyampholyte, meets both
requirements. Chapter 4 describes in detail the effects of an applied surface potential, as
well as ionic strength, on the structure of an adsorbed gelatin layer. Chapter 5
concludes the thesis with a summary of the knowledge gained by this study and a
discussion of suggested work. In Appendix A, polyelectrolyte systems are described
for which little or no adsorption could be detected on an inert metal surface using
ellipsometry. These failed attempts are presented so that other scientists exploring this
field might benefit
.
Appendixes B and C contain data which supplement Chapters 3
and 4, respectively.
1.2 Theoretical Background
1.2.1 Physical Adsorption of Polyelectrolytes
Most theories for polyelectrolyte adsorption incorporate the electrostatic
contributions to the adsorption free energy by adapting existing models for neutral
polymer adsorption. One of the first theories to model the adsorption of flexible
polyelectrolyte chains on charged interfaces was developed by Hesselink He
extended an earlier theory by Hoeve ^^'^^ for the adsorption of uncharged, flexible
polymers. Although Hesselink's theory can predict many of the experimental trends
observed during polyelectrolyte adsorption onto charged surfaces, the theory has a
serious limitation. A step function is assumed for the volume fraction of polymer
segments as a function of distance from the surface. The invariant shape of this
function causes unrealistically high adsorbed layer thicknesses to be predicted.
With the development of such lattice-based models for neutral polymer
adsorption as Roe's model and the self-consistent-field theory of Scheutjens and
Fleer ' ^-'2, the concentration profile near a surface no longer had to be predetermined
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but was found by minimization of the free energy of adsorption. Van der Schee and
Lyklema and Papenhuijzen et al were able to extend lattice theories to include the
adsorption of strongly charged polymers. Segmental charges on the polymer were
assumed to be smeared out in planes parallel to the surface. Counterions and coions
were considered point charges and distributed between these planes of charge according
to Poisson-Boltzmann statistics. A very thin polymer layer is predicted to adsorb onto
an oppositely charged surface due to strong replusions between polyelectrolyte chain
segments at low ionic strength. Also, adsorbance is found to be independent of
molecular weight at low salt concentrations. At high ionic strength, nonelectrostatic
interactions become dominant as repulsions are screened, causing polyelectrolyte
adsorption to resemble that of uncharged polymers.
Evers et al. extended the Scheutjens and Fleer theory '^'^^ jj^g adsorption
of weak polyelectrolytes from aqueous solution. The degree of dissociation of the
polyelectrolyte was allowed to vary with the distance from the surface. A maximum
adsorbance for a weak polyelectrolyte on an oppositely charge surface was found at a
pH where slightly less than half of the polyelectrolyte segments are charged. At this
pH, the electrostatic attraction between the charged polymer segments and the oppositely
charged surface is stronger than the mutual repulsion between the charged segments,
allowing more chains to adsorb onto the surface.
Unlike the previous models, which treated ions as point charges, Bohmer
et al?^ were able to modify the Scheutjens and Fleer model ' ••'^ so that each ion,
polyelectrolyte segment, and solvent molecule had a volume equal to that of a lattice site.
The charges associated with ions and segments were assumed to be located on planes in
the middle of each lattice layer, with the space between these planes devoid of charge.
The electrical potential at each plane was then obtained by solving a discrete version of
the Poisson-Boltzmann equation. The potential difference between these equidistant
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planes depended on the charge in each plane, the separation between planes, and the
dielectric constant. For a charged surface in contact with a solution containing only
small ions, the results of this multi-layer Stem model are identical to that of the Gouy-
Chapman theory if the surface potential and the salt concentration are not too high.
Deviation from the Gouy-Chapman theory occurs when excluded volume effects
become important at higher surface potentials and salt concentrations. Bohmer et al.
modeled the configuration of a polyelectrolyte chain as a step-weighted walk on a lattice.
The weighting factors for each step contained the nearest-neighbor contact energy
(Flory-Huggins), the electrical potential , and the mixing entropy. The mixing entropy
allowed the probability of a step toward a given lattice layer to decrease as the segment
concentration in the layer increased. From these step-weighted walks, the volume
fraction profile and the amount adsorbed was calculated. Predictions of this model
agree well with many experimental results.
Van de Steeg et al. used Bohmer's model to numerically calculate the
effects of salt concentration, segment charge, and surface charge density on the
adsorption of polyelectrolytes to oppositely charged surfaces. Two regimes for
polyelectrolyte adsorption were proposed: the screening-reduced adsorption regime and
the screening-enhanced adsorption regime. If the attraction of a polyelectrolyte to a
charged surface is purely electrostatic in nature, adsorption always decreases with
increasing salt concentration due to screening by salt ions. This is called the screening-
reduced adsorption regime. If the attraction between the polyelectrolyte and the charged
surface is dominated by nonelectrostatic interactions, adsorption will increase with
increasing ionic strength due to the screening of the repulsion between segments of the
polymer chain. This is called the screening-enhanced adsorption regime. The subde
balance of electrostatic and nonelectrostatic forces between the polyelectrolyte and the
surface determine which regime is favored.
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In all of the models discussed thus far, adsorption is assumed to be an
equilibrium phenomenon, an approximation reasonably well obeyed for many neutral
polymers. However, the mechanism for polyelectrolyte adsorption is not necessarily
the same as that for neutral polymers, and equilibrium models may fail badly. The
binding energy per segment for neutral polymer adsorption is on the order of kT.
Polyelectrolytes, on the other hand, have an electrostatic attraction to the surface causing
the binding energy per segment to be many times kT. Barford et al. proposed a
sequential, non-equilibrium adsorption theory based on the continuum, self-consistent
field theory of Edwards Barford's model proposes that when a polyelectrolyte
arrives at an electrostatically attractive surface, it absorbs less strongly than previously
adsorbed chains. This effect is due both to increased screening of the surface attraction
and to the repulsive potential which is set up by charged segments of previously
adsorbed chains. The predicted polymer concentration at which no more adsorption can
take place is lower for sequential adsorption than for equilibrium adsorption.
Using mean field arguments, Muthukumar '^^ derived explicit formulas for the
adsorption of a single polyelectrolyte chain as a function of surface charge density,
charge on the polymer, Debye screening length jc"', chain length L, and temperature T.
This model is a generalization of Wiegel's continuum theory -^^'^^ which described the
adsorption of a Gaussian polyelectrolyte onto a planar charged surface. Muthukumar's
model allows the configuration of the polyelectrolyte chain to vary between a flexible
coil and a rigid rod depending on the ionic strength of the solution. Adsorption is
predicted to occur at a temperature below the critical temperature 7^, where is
proportional to k'^ L in the weak screening limit and to k'^^'^ L '^'^ in the strong
screening limit. This theory does not apply when chains interact with each other or in
the presence of nonelectrostatic interactions.
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1.2.2 Grafted Polyelectrolyte Brushes
The models discussed thus far describe the physical adsorption of polymer
chains onto a surface from solution. In contrast, these chains can also be chemically
grafted onto a substrate. The distance between grafted points will determine the
conformation of the attached polymer chains. At high grafting densities, excluded
volume interactions force terminally-anchored chains to stretch out into the solution,
causing polymer brushes to form. Several models for these neutral polymer brushes
have been proposed ^'^-'^^ and subsequently modified for polyelectrolyte brushes.
Two groups, Miklavic et al. and Misra et al. extended the analytical self-
consistent mean-field theory of grafted polymer brushes proposed by Milner, Witten,
and Gates ^"^'^^ to polyelectrolyte chains attached to a charged planar surface in an
electrolyte solution. The segment density distribution and the brush height are predicted
to be strongly affected by brush charge. In contrast, the surface charge has little effect
on the conformation of highly stretched polyelectrolyte brushes. However, when brush
height becomes comparable to the Debye screening length, i.e. shorter brushes or highly
compressed brushes, surface charge is expected to play a more significant role.
Miklavic et al. compared Monte Carlo simulation results with mean-field
Poisson-Boltzmann approximations for polyelectrolyte brushes grafted onto two
charged surfaces. They examined the dependence of osmotic pressure and
configurational properties of the polyelectrolyte chains on system parameters. Better
agreement is found between the osmotic pressure predicted by the mean-field theory and
that determined by Monte Carlo simulations if contributions due to nearest-neighbor
Coulombic repulsions are neglected. These nearest-neighbor interactions are important,
however, for predicting the intemal chain statistics such as the root-mean squared end-
to-end distance of the polyelectrolyte. Results from Monte Carlo simulations for chain
statistics are in good agreement with mean-field predictions except when the
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polyelectrolyte has a high charge density. The mean-field theory underestimates the
root-mean squared end-to-end distance of a highly charged polymer chain when specific
monomer-monomer correlations are not taken into account. Intrachain, electrostatic
repulsions, which extend beyond nearest-neighbor interactions and tend to favor
stretched configurations, are reduced to a mean potential which responds only to
variations in the average monomer-monomer correlations.
Granfeldt et al. ^ studied by Monte Carlo and mean-field methods the
interaction of two planar surfaces bearing end-attached polyelectrolytes. The
polyelectrolytes are modeled as flexible, linear chains adopting self-avoiding walk
configurations. A mean-field potential, which satisfied an extended Poisson-Boltzmann
equation, is used to describe the electrostatic interactions. Monomer distribution,
electrostatic potential, and interaction potential are determined as a function of the
polyelectrolyte charge, surface charge, and salt concentration. The interaction potential
is found similar to that predicted by Miklavic et al
Pincus proposed simple analytic scaling laws to describe polyelectrolytes end-
grafted to planar surfaces. The approach, albeit approximate, provides physical insights
to the previous numerical results presented by Miklavic et al. and Misra et al. The
most important conclusion of Pincus' work is that, in contrast to charged interfaces
where there is exponential Debye screening in the presence of salt, the disjoining
pressure associated with two polyelectrolyte grafted surfaces weakens only as a power
law in the electrolyte concentration due to polymer elasticity.
Ross and Pincus studied the effects of solvent quality on the properties of
polyelectrolyte brushes. The Poisson-Boltzmann theory was used to describe the
electrostatic interactions while the excluded volume and van der Waals-like monomer
interactions were taken into account using the Flory-Huggins mean-field theory. A
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first-order conformational phase transition to a collapsed state for a moderately to highly
charged polyelectrolyte brush in the poor solvent regime was detected.
Schurr and Smith ^7 proposed a simple theory for the extension (R^) of a single,
uniformly charged linear polyelectrolyte attached at one end in a constant electric field E.
For a polyelectrolyte made of a large number (AO of Kuhn lengths (b), the in the
direction of E, is given by the following equation: R^ = {b /A) In (sinh (NA) I NA),
where A = EQb/kT and Qisthe effective charge of each Kuhn length. For any electric
field strength, no matter how small, a polyion of sufficient length (NA» 1
.0) extends
fully. When A « 1.0, as in weak electric fields, the head of the polymer chain is only
weakly oriented, even though the stem and tail are completely aligned. In the linear
regime, NA < 1.0, R^ is proportional to E, Q, and N^.
1.2.3 Adsorption of Charged-Neutral Diblock Copolymers
Another area of theoretical interest is the adsorption of diblock copolymers from
a selective solvent onto a solid surface. In an adsorbed diblock copolymer layer, one
block of the copolymer is preferentially adsorbed (anchor block) and the other block is
largely excluded from the surface forming a brush (buoy block). Argillier and Tirrell
investigated the adsorption of a hydrophobic/ionic diblock copolymer from aqueous
solution onto a flat hydrophobic surface by extending the scaling theory developed by
Marques et al. which describes the adsorption of a neutral diblock copolymer. The
configurational free energy of a grafted polyelectrolyte chain, calculated by Pincus
was incorporated into the Marques theory. Through the minimization of the grand
canonical free energy of the system, the equilibrium structure of the hydrophobic/ionic
diblock copolymer layer was obtained. The surface density, thickness of the collapsed
hydrophobic layer, and thickness of the extended polyelectrolyte brush were determined
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as a function of such parameters as the molecular weight of the hydrophobic block, the
molecular weight of the ionic block, the charge of the polymer, and the ionic strength.
Dan and Tirrell 50 adapted a scaling model for dense polymer brushes 51-52 to
describe the aggregation of charged-neutral diblock copolymer chains in aqueous salt
solutions. Both micelles and adsorbed layers, as well as, the equilibrium between the
two were examined. The surface density of an adsorbed polymer layer and the
aggregation number of micelles is found to increase with salt concentration as the
thickness of the charged block decreased due to screening of charges. Layers adsorbed
from dilute copolymer solutions, below the critical micelle concentration, obtain a higher
surface density than layers at equilibrium with micellar solutions.
Wittmer and Joanny 53 also modeled the adsorption of charged-neutral diblock
copolymers onto a planar surface. Upon adsorption, a dense polyelectrolyte brush is
found only if the fraction of charged monomers in the polyelectrolyte block is smaller
than a critical value. If the charge fraction is larger than this value, the copolymer did
not adsorb due to the large osmotic pressure in the layer. The model assumes that the
bulk solution and the surface are at thermodynamic equihbrium. Excluded volume
interactions are ignored.
1.2.4 Protein Adsorption
The theories discussed thus far have dealt with polyelectrolytes that carry only
one type of charged group. Proteins, on the other hand, constitute another group of
charged polymers that exhibit at least two new complicating factors. First, these
biopolymers are polyampholytes, carrying both positive and negative charges, and
second, strong intramolecular interactions cause these molecules to possess a heightened
degree of rigidity. Due to their relative complexity, a general theory describing protein
adsorption onto interfaces still seems far beyond reach.
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1.3 Experimental Background
1.3.1 Polyelectrolyte Adsorption
Over the past decade, many experimental groups have attempted to elucidate the
effects of such parameters as surface charge density, polymer charge, and ionic strength
on polyelectrolyte adsorption. Because of the sheer number of experiments, selected
results which demonstrate a particular aspect of polyelectrolyte adsorption will be
highlighted in this overview.
It is appropriate to begin with one of the simplest scenarios: strong
polyelectrolytes adsorbed on uncharged surfaces. Poly(styrene sulfonate) (PSS), a
negatively charged polymer, was adsorbed onto neutral polyoxymethylene crystals
and uncharged siUca particles from aqueous NaCl solution. At low salt
concentrations, electrostatic interactions are found to dominate and oppose adsorption
because of the strong mutual repulsion between segments which prevents their
accumulation at the surface. At high ionic strength, substantial polyelectrolyte
adsorption occurs due to the screening of these electrostatic interactions. The later
behavior resembles that of neutral polymers adsorbed from relatively poor solvents. A
linear dependence of adsorption on the log of the molecular weight and the square root
of ionic strength is found.
Few experimental studies have monitored polyelectrolyte adsorption to surfaces
bearing the same charge sign. One example is the adsorption of poly-(L-lysine) onto
Agl crystals at three nitric acid concentrations At low pH, the polymer is positively
charged. By adjusting the pi (where pi = -log (I')), the charge on the surface can be
varied. When both the polymer and the surface have the same charge sign, the
repulsion between the segments and the surface is so strong that no adsorption takes
place at low ionic strength. With increasing salt concentration, the polymer begins to
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adsorb onto the surface. This increase in adsorbance is due to the screening of
electrostatic repulsions and the high chemical affinity of poly-(L-lysine) for Agl.
Many examples of polyelectrolytes adsorbed onto oppositely charged surfaces
are described in the literature. Pure electrosorption (i.e. adsorption due only to
electrostatic interactions, with no contribution from nonelectrostatic forces) is
exemplified by the adsorption of a cationically modified polyacrylamide onto anionic
silica particles ^7. a maximum in adsorbance has been detected when the mole fraction
of cationic groups on the polyacrylamide (a) is 0.01 . This maximum, also predicted by
theory 27, is attributed to the increased number of chains needed to compensate the
surface charge when the polymer is only slightly charged, as opposed to when the
polymer is highly charged.
Polyelectrolytes can adsorb onto surfaces which are both electrostatically and
chemically attractive. Uncharged polyacrylamide was found to adsorb onto negatively
charged clay from aqueous salt solution due to nonelectrostatic interactions Upon
modification of this polymer to include cationic groups, adsorption was detected on the
negatively charged clay with a maximum in adsorbance observed at a = 0.01. This
maximum is once again ascribed to the increased number of chains needed to
compensate the surface charge when polyacrylamide is weakly charged.
Thus far, only strong polyelectrolyte adsorption behavior has been discussed.
However, weak polyelectrolytes are unique in that their degree of charge is a function of
the pH, which may locally vary with distance from the surface. Blaakmeer et al.
adsorbed poly(acrylic acid) (PAA) onto positively charged polystyrene latex particles
from 0.1 M KNO3 solution. The surface charge on these particles remains constant,
independent of solution pH. The amount of PAA adsorbed depends strongly on pH,
with a maximum in adsorbance at a pH one unit below the intrinsic dissociation constant
pKq of the carboxylic acid groups of PAA. This maximum is caused by two opposing
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forces. As pH rises, the charge density on the polymer increases, causing the
electrostatic attractive forces between polymer and surface to increase, a trend favoring
adsorption. However, the repulsive forces between charged segments of the chain also
increase, creating an opposing trend. Others who have studied PAA adsorption onto
surfaces were unable to detect this maximum in adsorbance due to the variation of
surface charge with pH 60.61. ionic strength was shown by Blaakmeer et al to have
only a negligible effect on the adsorption of weak polyelectrolytes due to the adjustment
of the degree of dissociation to compensate the surface charge more effectively.
Therefore, the polymer-substrate complex is nearly neutral and variations in salt
concentration are relatively unimportant.
In all of the examples presented above, salt ions were assumed to present no
specific interactions with the solvent or surface. However, it is well known that specific
adsorption of certain ions does occur. Colons can compete with polyelectrolyte
segments for surface sites due to both electrostatic and nonelectrostatic interactions.
Positively charged poly-(L-lysine) was adsorbed onto negatively charged silica particles
from aqueous NaCl solution at three different pH values The amount of polymer
adsorbed decreased with increasing charge on the poly-(L-lysine) (i.e., for lower pH)
due to charge compensation effects. However, a new maximum in adsorption as a
function of salt concentration was observed, suggesting specific adsorption of sodium
ions on the negatively charged silica particles.
1.3.2 Structure of Adsorbed Polyelectrolyte Layers
Direct experimental evidence for the thickness and structure of adsorbed
polyelectrolyte layers remains scarce due to the lack of systematic studies. Such
techniques as neutron scattering/reflectivity, surface forces, ellipsometry, scanning
tunneling microscopy (STM), and surface-enhanced Raman scattering (SERS) have
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been utilized in an effort to describe the conformation of adsorbed polyelectrolyte
chains. Presented below are a few illustrative examples of these studies.
Cosgrove et al. " adsorbed PSS onto both positively and negatively charged
polystyrene latex particles. Small angle neutron scattering revealed that the polymer was
confined to a thin adsorbed layer, even at high ionic strength. The thickness of the
adsorbed layer increased slightly with increasing molecular weight. Adsorption was
found to be higher when the polymer and surface had opposite charge. However, when
both carried the same sign charge, nonelectrostatic interactions caused a significant
amount of the polymer to be adsorbed.
Marra and Hair ^ used the surface forces apparatus to measure the forces
between two mica surfaces covered with poly(2-vinylpyridine) (P2VP). In acid
solution, where P2VP is fully charged, the conformation of adsorbed P2VP was found
to be essentially flat at low ionic strength (< 0.1 M). Segment-surface binding affinity
appeared to be strong, with electrostatic segmental repulsions stretching the flattened
chains across the surface. Adsorbance was independent of molecular weight of the
polymer. At salt concentrations equal to or above 0. 1 M, the P2VP chains adsorbed in a
loose conformation with tails and loops. Intersegmental electrostatic repulsions and
surface charge effects were screened, causing the polyelectrolyte chains to approach the
behavior of neutral polymers In alkaline solutions, where P2VP was uncharged, a
large extension of the adsorbed layer was found. This observation can be explained by
the disappearance of electrostatic segmental repulsions and electrostatic segment-surface
attractions. At a constant adsorbed amount, the conformation of the adsorbed P2VP
chains at the surface was determined to be independent of chain length.
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1.3.3 Effects of Surface Potential on Adsorbed Polyelectrolyte Layers
Morrissey et al. 25 investigated the effect of an applied surface potential on the
structure of adsorbed blood protein layers using ellipsometry. Serum albumin,
fibrinogen, and y-globulin were found to adsorb on platinum from 0.15 N NaCl
solutions adjusted to pH = 7.4 by HCl or NaOH. At this pH, all three proteins were
negatively charged. The potential applied at the platinum surface was varied between
-245 and 845 mV vs. a standard Ag/AgCl reference electrode. By continuously varying
the potential, the surface charge density could be controlled. Adsorbance for each
protein was found to remain constant over the potential range examined, except at high
positive potentials, where an abrupt adsorbance increase was noted. In these same
experiments, the thickness of the layer was reported to rise at negative potentials,
presumably because of repulsive electrostatic interactions between the negatively
charged protein and the negatively charged surface. Conversely, at increasingly positive
potentials, the thickness of the adsorbed layer decreased, an effect attributed to the
attractive electrostatic interaction. All results are questionable, however, as
oxidation/reduction of the platinum surface was ignored even though the potential varied
over a range where oxidation/reduction is known to occur.
Several years later, Kawaguchi et al 23-24 also used ellipsometry to monitor the
thickness of a polyelectrolyte, in this case, sodium poly(styrene sulfonate) (NaPSS)
adsorbed from aqueous NaCl solution onto platinum. Changes in layer thickness with
potential were reported and attributed to electrostatic attractive and repulsive forces
between the polymer and the surface. Again, results must be questioned since
oxidation/reduction of the platinum was neglected.
Lippert and Brandt used surface-enhanced Raman scattering (SERS) to gain
insight into the effect of an applied potential on the adsorption of partially protonated
P2VP onto silver. At potentials positive to that at which the surface has zero charge
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(PZC), the pyridinium ion species were found to adsorb through chloride ions onto the
surface. Near the PZC, neutral pyridine groups predominantly adsorbed.
Garrell and Beer 66 used SERS to look at the effect of an applied surface
potential on the adsorption of partially protonated poly(4-vinylpyridine) (P4VP) onto
silver. At
-5 mV vs. Ag/AgCl (PZC = -855 mV vs. Ag/AgCl in 0. 1 M KCl solution at
pH = 2.0), no polymer adsorbed onto the surface. As the potential became more
negative, the P4VP began to adsorb to the surface via neutral segments. Adsorption
through the protonated pyridyl rings was not observed until the potential was increased
to -555 mV. The driving force for the adsorption of these positive moieties is not
coulombic as the surface charge remained positive. A possible explanation invokes the
pairing of chloride ions with the positive pyridyl groups.
1.3.4 Protein Adsorption
Proteins usually adsorb as a compact layer with a maximum in adsorbance
exhibited at the isoelectric point of the protein-sorbent complex 68-71, jhis maximum is
thought to be caused by the minimization of charge-charge repulsions between adsorbed
molecules at the isoelectric pH. Norde, however, showed that the reduction in the
amount adsorbed away from the isoelectric point for albumin on negatively charged
polystyrene surfaces is due to structural rearrangements in the adsorbing molecule rather
than increased lateral charge repulsions 72-73 ^ost proteins adsorb on both
hydrophobic and hydrophilic surfaces even if the protein and surface possess similar
charge ^^•7'^. Albumin provides a good example of this behavior. Ribonuclease, on the
other hand, adsorbs on hydrophobic surfaces at all charge conditions, but adsorbs on
hydrophilic surfaces only when electrostatic interactions are favorable 75-76 Proteins
such as albumin that adsorb onto hydrophilic surfaces at electrostatically unfavorable
conditions generally possess low structural stability, suggesting that the unfavorable
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enthalpy change that occurs upon adsorption is overcompensated by the gain in entropy
as the protein secondary structure is reduced. In contrast, ribonuclease has high
structural stability, causing adsorption to be ruled by electrostatic interactions and partial
dehydration of the surface and protein.
Ionic strength effects are found to be important in protein adsorption, the amount
adsorbed generally increasing with ionic strength due to the screening of charge
interactions by small ions. However, the role that these ions play in protein adsorption
seems more complicated than indiscriminate screening of charge interactions.
Koutsoukos et al.^^ found that the effect of ionic strength on the adsorption of albumin
depended on the type of surface to which the protein adsorbed. In other studies,
adsorption appeared to be sensitive to the type of ions present
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Figure 1.1. Cartoon of the effect of applied surface potential on polyelectrolyte
adsorption.
19
1.4 References
(I) L^P^tov, Y. S.; Sergeeva, L. M. Adsorption of Polymers; Wiley: New York,
p'r^esses 1980^7 7^' f
Relaxation and Interaction
(3) Takahashi, A.; Kawaguchi, M. Advances in Polymer Science 1982, 46, 1.
(4) Fleer G. Lyklema, J. In Adsorption from Solution at the SolidA^iquid
mo^^'^fl^,
^""^ ^- Rochester, Ed.; Academic Press: London,
19o35 153.
(5) Cohen Stuart, M. A.; Cosgrove, T.; Vincent, B. Advances in Colloid and
Interface Science 1986, 24, 143.
(6) Robb, I. D. Comprehensive Polymer Science 1989, 2, 733.
(7) Silberberg, A. In Encyclopedia ofPolymer Science and EnRineerine Wilev •
New York, 1985; Vol. 1; 577. 6
s y.
(8) Ploehn, H. J.; Russel, W. B. Advances in Chemical Ensineerins 1990 75
137. 6 ,
,
(9) Kawaguchi, M.; Takahashi, A. Advances in Colloid and Interface Science
1992,37,219.
(10) Fleer, G. J.; Cohen Stuart, M. A.; Scheutjens, J. M. H. M.; Cosgrove, T.;
Vincent, B. Polymers at Interfaces; Chapman & Hall: London, 1993.
(II) Scheutjens, J. M. H. M.; Fleer, G. J. Journal of Physical Chemistry 1979, 83,
1619.
(12) Scheutjens, J. M. H. M.; Fleer, G. J. Journal of Physical Chemistry 1980, 84,
178.
(13) Roe, R. J. Journal of Chemical Physics 1974, 60, 4 1 92.
(14) Eisenberg, A.; King, M. Ion Containing Polymers; Adademic Press: New York,
1977.
(15) Cohen Stuart, M. A.; Fleer, G. J.; Lyklema, J.; Norde, W.; Scheutjens, J. M.
H. M. Advances in Colloid and Interface Science 1991, 34, All.
(16) Cohen Stuart, M. A. Journal de Physique II 1988, 49, 1001.
(17) van der Schee, H. A.; Lyklema, J. Journal of Physical Chemistry 1984, 88,
6661.
(18) Papenhuijzen, J.; van der Schee, H. A.; Fleer, G. J. Journal of Colloid and
Interface Science 1985, 104, 540.
20
^^^^
rl7lni?n ^h ) ^}^^'V '- J- M. H. M, Lyklema, J. Journal ofCol oid and Interface Science 1986, 111, 446.
(20) Bohmer, M. R.; Evers, O. A.; Scheutjens, J. M. H. M. Macromolecules 1990,
(21) Besio, G. J. Ph.D. Thesis, Princeton University, 1986.
(23) Kawaguchi, M.; Hayashi, K.; Takahashi, A. Colloids and Surfaces 1988, 57,
(24) Kawaguchi, M.; Hayashi, K.; Takahashi, A. Macromolecules 1988, 27, 1016.
(25) Morrissey B. W.; Smith, L. E.; Stromberg, R. R.; Fenstermaker, C. A.
Journal of Colloid and Interface Science 1976, 56, 557.
(26) Hesselink, F. T. Journal ofElectroanalytical Chemistry and Interfacial
Electrochemistry 1972, 37, 317.
(27) Hesselink, F. T. Journal of Colloid and Interface Science 1977, 60, 448.
(28) Hesselink, F. T. In Adsorptionfrom Solution at Solid/Liquid Interface- C H
Rochester and G. D. Parfitt, Ed.; Academic Press: London, 1983; 377.'
(29) Hoeve, C. A. J. Journal of Chemical Physics 1966, 44, 1505.
(30) Hoeve, C. A. J. Journal ofPolymer Science 1970, C30, 361.
(31) van de Steeg, H. G. M.; Cohen Stuart, M. A.; de Keizer, A.; Bijsterbosch, B.
H. Langmuir 1992, 8, 2538.
(32) Barford, W.; Ball, R. C; Nex, C. M. M. Journal. Chemical Society (London)
Faraday Transactions. 1 1986, 82, 3233.
(33) Edwards, S. F. Proceedings Physics Society 1965, 85, 613.
(34) Muthukumar, M. Journal ofChemical Physics 1987, 86, 7230.
(35) Wiegel, F. W. Journal Physics A 1977, 10, 299.
(36) Wiegel, F. W. In Phase Transitions and Critical Phenomena; C. Domb and J. L.
Lebowitz, Ed.; Academic: New York, 1983; Vol. 7.
(37) Milner, S. T.; Witten, T. A.; Gates, M. E. Macromolecules 1988, 27, 2610.
(38) Milner, S. T.; Witten, T. A.; Gates, M. E. Europhysics Letters 1988, 5, 413.
21
^^^^
1989"5/ 20'5 ^"^"^^'y"' V. Po/jm^r 5denc^ USSR
(40) Zhulina, B.; Borisov, O V.; Priamitsyn, V. A. Journal of Colloid and
Interface Science 1990, 137, 495.
(41) Miklavic, S. J.; Marcelja, S. Journal of Physical Chemistry 1988, 92, 6718.
(42) Misra, S.; Varanasi, S. Macromolecules 1989, 22, 4173.
(43) Miklavk^, I; Woodward, C. E.; Jonsson, B.; Akesson, T. Macromolecules
(44) Granfeldt, M. K.; Miklavic, S. J.; Marcelja, S.; Woodward C E
Macromolecules 1990, 23, 4760.
(45) Pincus, P. Macromolecules 1991, 24, 2912.
(46) Ross, R. S.; Pincus, P. Macromolecules 1992, 25, 2177.
(47) Schurr, J. M.; Smith, S. B. Biopolymers 1990, 29, 1 161.
(48) Argillier, J.-F.; Tirrell, M. Theoretica Chimica Acta 1992, 82, 343.
(49) Marques, C; Joanny, J. F.; Leibler, L. Macromolecules 1988, 21, 1051.
(50) Dan, N.; Tirrell, M. Macromolecules 1993, 26, 43 10.
(51) Alexander, S. Journal de Physique II 1977, 38, 977.
(52) de Gennes, P. G. Macromolecules 1980, 13, 1069.
(53) Wittmer, J.; Joanny, J. F. Macromolecules 1993, 26, 2691.
(54) Papenhuijzen, J.; Fleer, G. J.; Bijsterbosch, B. H. Journal of Colloid and
Interface Science 1985, 104, 530.
(55) Marra, J.; van der Schee, H. A.; Fleer, G. J.; Lyklema, J. In Adsorption from
Solution; R. H. Ottewill, C. H. Rochester and A. L. Smith, Ed.; Academic
Press: 1983; 245.
(56) van der Schee, H. A. Ph.D. Thesis, Wageningen University, The Netherlands,
1984.
(57) Wang, T. K.; Audebert, R. Journal of Colloid and Interface Science 1988,
121, 32.
(58) Durand, G.; Lafuma, F.; Audebert, R. Progress in Colloid and Polymer Science
1988, 266, 278.
(59) Blaakmeer, J.; Bohmer, M. R.; Cohen Stuart, M. A.; Fleer, G. J.
Macromolecules 1990, 23, 2301.
22
(61) Gebhardt, J. E.; Fuerstenau, D. W. Colloids and Surfaces 1983, 7, 221.
(62) Bonekamp, B. C. Ph.D. Thesis, Wageningen University, The Netherlands,
(64) Marra, J.; Hair, M. L. Journal of Physical Chemistry 1988, 92, 6044.
(65) Lippert, J. L.; Brandt, E. S. Langmuir 1988, 4, 127.
(66) Garrell, R. L.; Beer, K. D. Langmuir 1989, 5, 452.
(67) Soderquist, E.
;
Walton, A. G. Journal of Colloid and Interface Science
l"oU, 7j, 386.
(68) Koutsoukos, P. G.; Mumme-Young, C. A.; Norde, W.; Lyklema, J. Colloids
and Surfaces 1982, 5, 93.
(69) Bagchi, P.; Bimbaum, S. M. Journal of Colloid and Interface Science 1981,
83, 460.
(70) Shirahama, H.; Takeda, K.; Suzawa, T. Journal of Colloid and Interface
Science 1986, 109, 552.
(7 1 ) Morrissey, B. W.; Stromberg, R. R. Journal of Colloid and Interface Science
1974,46, 152.
(72) Norde, W.; Lyklema, J. Journal of Colloid and Interface Science 1978, 66
257, 266, 277, 285, 295.
(73) Norde, W. Advances in Colloid and Interface Science 1986, 25, 267.
(74) Norde, W.; Lyklema, J. Colloids and Surfaces 1989, 38, 1.
(75) Norde, W. In Surfactants in Solution; K. L. Mittal and P. Bothorel, Ed.;
Plenum Press: New York, 1986; Vol. 5; 1027.
(76) Norde, W. Colloids and Surfaces 1984, 10,21.
(77) McLaren, A. D. Journal of Physical Chemistry 1954, 58, 129.
(78) Mizutani, T. Journal of Colloid and Interface Science 1981, 82, 162.
(79) van Dulm, P.; Norde, W.; Lyklema, J. Journal of Colloid and Interface Science
1981,52,77.
23
CHAPTER 2
ELLIPSOMETRY: EXPERIMENT AND APPARATUS
2.1 Introduction
Ellipsometry is an optical technique that directly measures the thickness and
refractive index of an adsorbed film on a solid substrate, and less directly, the amount
of material adsorbed. Optical constants of a bare reflecting surface can also be
measured. In this project, ellipsometry is used as the principal tool to probe the
structure of adsorbed polyelectrolyte layers on inert metal surfaces. Ellipsometry has
the advantage that it is non-invasive, sensitive to adsorbed layer thicknesses on the
order of 10 A, and adaptable to the study of adsorbed polymer layers with solvent
present Few alternative surface characterization techniques have all of these
capabilities. Determination of the thickness and refractive index of an adsorbed
polyelectrolyte layer in the presence of solvent is of particular importance to the present
project, because the thickness yields considerable insight into the conformation of
adsorbed polymer chains. Although much is known about the molecular dimensions of
a polyelectrolyte chain in solution, there remain many questions as to how these
dimensions change when the chain is adsorbed onto a substrate with surface charge or
how an applied surface potential affects the structure of an adsorbed layer. In attempt to
answer these questions, an elUpsometer solution cell was constructed to study the
structure of an adsorbed polyelectrolyte layer in the swollen state.
In this chapter, the fundamental principles of ellipsometry are reviewed. A
description of the constructed ellipsometer solution cell is presented alongside experimental
results that verify its operation. The instrumentation necessary to apply a potential to an
adsorbing metal surface is also detailed.
2.2 Ellipsometry
A Rudolph Research AutoEL n nuUing eUipsometer is used to determine the
thicknesses and refractive indexes of adsorbed polyelectrolyte layers. A simplified
diagram of the components of this ellipsometer is shown in Figure 2.1. A low power
helium-neon laser produces a collimated beam of monochromatic (632.8 nm) light
which initially passes through a rotatable polarizer prism. The beam is then converted
to elliptical polarization by a mica quarter-wave-plate compensator, which has a fast axis
and an orthogonal slow axis. The component of light parallel to the slow axis is
retarded by one quarter wavelength relative to that parallel to the fast axis. When the
fast and slow components emerge, they recombine and strike the reflecting surface as
elliptically polarized light. The angle of incidence, measured from the surface normal,
is 70°. The optical properties of the surface cause the polarization state of the incident
light to be altered. In the simplest case, this polarization change can be directly related
to the thickness and refractive index of an adsorbed layer. The altered and reflected
beam passes through a rotatable analyzer prism (linear polarizer), finally striking a light
sensitive phototransistor. The detector's electrical output, which is proportional to the
beam intensity, is sent to a microprocessor. The intensity of the beam is a function of
the azimuthal angles of the polarizer and analyzer prisms, as well as the optical
properties of the adsorbed layer.
In a nulling ellipsometer, the microprocessor is programmed to minimize the
intensity of the beam by alternately actuating stepper motors that rotate the polarizer and
analyzer prisms about their respective azimuthal axes until the detector senses a
minimum in intensity. The azimuthal angle at which this intensity minimum occurs is
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reported with respect to the plane of incidence. With the compensator's fast axis fixed
at a 45" angle relative to this plane, the polarizer can be positioned so that the incident
beam becomes linearly polarized upon reflecUon. Therefore, extinction of the reflected
beam can be achieved by orienting the analyzer so that its transmission axis lies
perpendicular to that of the reflected beam. At the point of minimum intensity, the
polarizer azimuthal angle yields the eUipsometric parameter A and the analyzer azimuthal
angle yields the ellipsometric parameter ^. These parameters are fed into an BM
computer with an A/D board and stored with a time stamp for further data analysis.
2.3 Analysis of Ellipsometric Parameters A and 4^
When a polarized beam of light is reflected from a surface, the polarization of
that light changes. This change in polarization can be represented by the ratio of
reflection coefficient for light polarized with electric vector parallel to the plane of
incidence (rP) to that for light polarized with electric vector parallel to the plane of the
surface (r^). Both reflection coefficients are complex numbers, conveying the change in
amplitude and the change in phase of the light. For a bare, reflecting surface, they are
mathematically expressed by the well-known Fresnel equations:
rf2 =
s
h2
n2cos0j - n|Cos02
niCosGj + n2cos02
njCosG] - n2cos02
niCosB] + n2Cos62
(2.1)
where is the refractive index of the medium above the surface, 112 is the refractive
index of the surface, B\ is the angle of incidence, and 82 is the angle of refraction. The
ratio of these reflection coefficients p can be written:
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p = rP / = tan4^ exp (i A ) (2.2)
where the eHipsometric parameter A symboUzes the differential change in phase of the
reflected hght for the electric vector parallel (p) and perpendicular (s) to the plane of
incidence and the tangent of^ expresses the ampUtude attenuation upon reflection for
the two components. Equations (2. 1 ) and (2.2) allow the refractive index of a bare
reflecting surface to be calculated. In general, a substrate which not only reflects but
also adsorbs light will produce a complex refractive index N equal to n - ik, where n is
the real part of the refractive index and k is the imaginary part, termed the extinction
coefficient.
With an adsorbed fihn, reflection coefficients are changed appreciably.
Assuming a homogeneous, single-layer, adsorbed film model (Figure 2.2), Drude
extended the Fresnel equations so that the total reflection coefficients (RP, R^) of a film-
covered surface could be determined using the following equations:
rP = Jj 2 + ^23 exp D
1 + rf2 r^3 exp D
^2.3)
r;2 + r23expD
l + r52r23expD
where
D = -47cin2COS02t (2.4).
The Fresnel reflection coefficients symbolized by rj 2 refer to the reflection between the
medium and the film. Those coefficients noted by r23 refer to reflection between the
film and the substrate. The refractive index of the film is represented by n2, 62 is the
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angle of refraction, t is the thickness of the adsorbed film layer, and X is the
wavelength. The equation for the ratio of total reflection coefficients p
p s
p = R / R = tan4^ exp (i A ) (2.5)
is the same as Equation (2.2). By measuring A and ^, with an adsorbed layer present,
the root-mean-square thickness t and refractive index of the layer nj can be determined
using Equations (2.3), (2.4), and (2.5). Due to the iterative process required to solve
these equations, McCrackin's NBS program is used in this investigation to match
measured A and 4^ values to the closest thickness and refractive index values.
Throughout this thesis, film thicknesses and refractive indexes were determined
by assuming a homogeneous, single-layer model. However, an adsorbed polymer film
is not homogeneous, but instead, the polymer segment density usually decreases at
increasing distances from the surface. McCrackin et al. ^ determined that the thickness
calculated via the simple, homogeneous, single-film model was 1 .7 times the root-
mean-square thickness of a linear, exponential, or Gaussian profile of polymer segment
density. Details of the polymer segment density are unimportant to this study, so the
simplistic single-layer model introduces no detrimental artifacts. As a statistical
measure, layer thicknesses inferred by this model probably come close to the first
moment of the segment density profile relative to the surface plane.
Once the thickness and refractive index have been determined, the amount of
polymer adsorbed onto the substrate A (mass/area) can be calculated using the equation:
A = (n2-n,)t/(dn/dc) (2.6)
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where n2 is once again the refractive index of the adsorbed film, n, is the refractive
index of the solvent above the film, t is the thickness of the film, and dn/dc is the
refractive index increment of the polymer solution. This equation assumes that in the
adsorbed layer nj is a linear superposition of the refractive indexes of polymer and
solvent.
When a polyelectrolyte is adsorbed onto a surface, determining the amount of
polymer adsorbed becomes more complicated. Not only does the adsorbed layer
contain polyelectrolyte chains and solvent molecules, it also contains counterions
associated with the polymer and possibly small ions with the same sign as the polymer
(Figure 2.3). Therefore, to determine the adsorbed amount (mole/area) for polymer,
positive ion, and negative ion (Fp, r+, and V., respectively), three steps are taken.
First, Donnan equilibrium ^-"^ is assumed. Donnan equilibrium describes the
partitioning of the counterions between the bulk solution and the adsorbed layer. For
this equilibrium to exist, the chemical potential of the salt in the bulk solution must be
equal to the chemical potential of the salt in the adsorbed layer, as expressed by the
following equation:
r
t
r
(2.7)
where C+^, C.^, and Cp^ arc the concentrations (mole/volume) of negative ions,
positive ions, and polyelectrolyte respectively in the bulk solution. Second, charge
neutrality must be imposed in the bulk solution and in the adsorbed layer. This
neutrality can be expressed by the pair of equations:
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c^ = c! + vc;
r^ = r_ + vr.
(2.8)
The symbol v represents the charge on each monomer repeat unit, and t is the thickness
of the adsorbed layer. Assuming the additivity rule for osmotic coefficients ^ Miller
and Frommer ^ derived the following equation from Equations (2.7) and (2.8):
C:(c! + V(l)pCp =
t
(2.9)
where (t)p and (^^ are the osmotic coefficients for the salt-free bulk polymer solution and
the adsorbed layer. Finally, the Lorenz-Lorentz equation ^ relates composition to
refractive index, a necessary step to determine Pp. This equation is shown below:
nf =
M+2dR
M-dR
nl/2
(2.10)
where nf is the refractive index of the film, M is the mean molecular weight, R is the
mean molar refractivity, and d is the density of the adsorbed layer. M and R are given
by
R
=X(x,M,)
(2.11)
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where is the mole fraction of component i, and M, and Rj are the corresponding
component molecular weight and molar refractivity. The layer density can be
expressed:
d = do + (M. - doV:)|^c: + -J:
J
+ (M^ _
r \
t ;
(2.12)
where d„ is the density of water, M+, M., and Mp are the molecular weights, and V+°,
V.°, and Vp" are the molar volumes of cation, anion, and polyelectrolyte, respectively.
Inputting t into Equation (2.9) and assuming Tp values, nf , r+ and P. can be
determined using Equations (2.9), (2.10), (2.1 1), and (2.12). That value of Tn
minimizing the error between the calculated refractive index and the ellipsometrically-
measured refractive index, is the actual amount of polymer adsorbed. The adsorbance
value determined by this method equals that determined using a simple, single-layer
model (see Equation 2.6) if dn/dc corresponds to dialysis dilution, or in other words,
dilution at constant chemical potential of the salt.
2.4 EUipsometer Solution Cell
A diagram of the ellipsometer solution cell constructed for in situ measurements
of polymer adsorption is shown in Figure 2.4. This trapezoidal-shaped cell consists of
two principal components, a base plate and a upper shell, which are sealed together by a
Teflon O-ring with six screws around the periphery. Centered on the base plate is a
raised Teflon platform onto which the adsorbing substrate is mounted. A thin Teflon
bar is positioned over one edge of the surface to secure it to the platform by the
tightening of two screws at either end of the bar.
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The upper shell houses two removable, fused silica windows (diameter = 25
mm, thickness = 6.0 mm, parallelism = 5 arc seconds) which are inclined at an angle of
incidence of 70' with respect to the base of the cell. This arrangement allows the laser
beam to enter and exit the cell at normal incidence to the windows, preventing a change
in the polarization of hght when the beam strikes the windows. Six equally spaced
screws and a window retainer ring hold each window to the cell body over a Teflon O-
ring. The main purpose of this window attachment scheme is to reduce stress-induced
birefringence. Another fused silica window at the top of the cell allows for correct
alignment of the reflecting surface once the cell has been placed in the ellipsometer.
This alignment employs an autocoUimating telescope fastened to the ellipsometer
midway between the polarizer and analyzer modules. Also positioned at the top of the
cell are two filling ports. Rubber septa can seal these ports against the outside
environment, preventing evaporation of solvent and allowing the cell to be purged with
Temperature control is very important for in situ ellipsometric measurements, as
solvent refractive index varies greatly with temperature. The cell was therefore
machined from aluminum to facilitate heat transfer, and the metal surfaces subsequently
coated with Teflon to prevent corrosion (Berghof/America). The nonconductive Teflon
coating isolates potentiostat functions by blocking current flow from solution to
container. A Peltier element or thermoelectric heater/cooler (Melcor, CP1.4-127-06L) is
positioned beneath the cell. A Teflon encapsulated thermistor (YSI, 10° K at 25° C),
inserted through one of the cell's filling ports, provides data to a thermoelectric cooler
controller (Alpha Omega, series 1 TC2) able to regulate temperature within +/- 0.2° C.
To maintain temperature at 25° C, a steel plate was placed beneath the Peltier element to
act as a heat sink. During operation above 25° C, a Watlow silicone rubber rectangular
heater was placed in this position. A second temperature controller (Cole Palmer Digi
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Sense, Model 2168-70) maintained the temperature of the heater near that desired for the
cell itself.
If this ellipsometer solution cell were to be reconstructed, the following design
improvements are suggested. First, the sample volume of the cell should be decreased
to lessen the time for temperature equilibration. This feature would facilitate the study
of adsorption kinetics. Second, the alignment window at the top of the cell could be
lowered so that this window is not the highest point of the cell cavity, eliminating the
problem of trapped air bubbles obscuring the alignment window. Finally, a viewing
window mounted on the side of the cell and facing the operator is recommended, an
alteration that would permit visual observations of the substrate during ellipsometric
runs
2.5 Verification of Ellipsometer Solution Cell Operation
The adsorption of polystyrene (PS) onto chromium from cyclohexane near the
theta temperature was chosen as a test of the ellipsometer solution cell operation. This
system was previously studied by Lee and Fuller 'O-" and Takahashi et aO'^, and our
results are therefore to be compared to the ellipsometric thicknesses and adsorbances
reported by these groups.
A 1 in. by 1 in. chrome ferrotype plate (Doran Enterprises) was first cleaned by
immersing the plate in warm toluene for 15 minutes, dipping in chromic acid for one
minute, rinsing thoroughly with distilled water, and finally passing through a flame.
Immediately after this procedure, the mirror smooth surface was mounted on the base
plate of the solution cell. The cell was then assembled and aligned in the ellipsometer.
Parameters A and ^ of the freshly cleaned chrome ferrotype surface were
measured under HPLC grade cyclohexane (Aldrich) (ngoivent = 1-415) once an
equilibrium temperature of 35° C had been attained. From these values, the complex
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rclVaclivc index ol lhc suiiacc N was cictcnnmcil to be 3.57^)1 - i 4.3905. A .solvent
volmne of 30 nullililers was Ihen s.pl.oneil out ol (he cell usnig a .syringe and leplaeed
with the same vohniie of a coneentiated polymer .solution, resultnig in a Imal polymer
concentration of 600 parts per million (ppm). This solulicm had been previously
prepared by dissolvmg a narrow molecidar weight distribution P.S slandatd (Polymer
Laboratories, molecular weight of 8.5x10^^) in cyclohexane at 45" C and then
cquilibratmg the nuxture at 40" C for 3 days to alU)w for complete dis.solution. A
concentration of OOO pi)m was cho.sen bccau.se this value lies in the jilateau region of the
adsorption i.sotherm for this system '2.
Parameters A and M' aie plotted as a function of time in Figures 2.5 and 2.6.
McCrackin's FORTRAN computer program ^ was used to match each measured A and
4^ value to the corresponding ad.sorbed layer thickness and refractive index (Figure
2.7). A mean layer thickness of approximalely 1200 A was found with .solvent present
(Figure 2.8). This level is thought reasonable as the radius of gyration for PS in
cyclohexane al 35" C has been reported at 870 A and the result compares well with
previous studies ''^ In Figure 2.9, the refractive index of the ad.sorbed PS layer in
the presence of cyclohexane is |)lotted as a function of time.
The amount of PS adsorbed was calculated using lujuation (2.6). The refractive
index increment dn/dc for polystyrene in cyclohexane at 35" C is 0. 168 cm^/g. As
shown in Figure 2.10, a plateau adsorbance of 3.2 mg/ni'^ was reached after a period of
approximately 2 hours. The amount of polymer ad.sorbed compares favorably with the
adsorbance value of 5.0 mg/m^ reported by Takahashi et al. the slight difference
between results probably cau.sed by variability in surface roughness or surface cleaning
procedures.
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2.6 Application of an Electric Surface Potential
A home-built potentiostat was used to control the potential applied to the
adsorbing surface in our studies. Figure 2.1 1 illustrates the simple electronic circuit
upon which this instrument was based. Three electrodes, which included a working
electrode, reference electrode, and counter electrode, were connected to the potentiostat
and then inserted into the ellipsometer solution cell (Figure 2.12). The working
electrode, which is the adsorbing substrate, must be composed of an inert metal such as
gold, platinum, or mercury to minimize electrochemical oxidation of the surface upon
application of a voltage. In our experiments, a platinum foil (25 X 25 X 0.5 mm,
99.9985 % purity, Johnson Matthey), connected to the potentiostat ground with a
flattened platinum wire, was used as the working electrode. Good physical contact
between the flattened wire and the platinum surface was assured by pressing the pieces
together beneath a Teflon bar screwed onto the raised platform of the cell base plate.
A miniature Ag/AgCl electrode (Cypress Systems, Inc.) was inserted through
the top of the cell, with its tip positioned near the surface to reduce the voltage drop
across the solution. Ideally, the counter electrode would be similar in size to the
working electrode and centered directly above the working electrode to provide a
uniform electric field. To avoid obstruction of the optical path of the laser beam, the
counter electrode used in our experiments was a coiled 6 inch platinum wire (0.5 1 mm
diameter, 99.95% purity. Fisher). The wire was inserted through the top of the
ellipsometer cell and positioned just above the adsorbing surface, but not in the plane of
reflection. The counter electrode was made of an inert metal to prevent the formation of
extraneous substances by electrolysis; their desorption and readsorption at the working
electrode would be deleterious.
A potentiostat operates with a feedback loop in which the potential between the
reference and working electrodes is compared to an externally set value. If the
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measured surface potential and the set value are different, current is passed through the
counter electrode to the working electrode with the correct magnitude and sign to make
this difference approach zero.
2.7 Summary
This chapter describes how a commercially available nulling cllipsomcter was
used to measure the thickness and refractive index of a neutral polymer layer on a metal
surface with solvent present. The fundamental equations of cllipsonietry were presented
to demonstrate how the ellipsomctric parameters A and ^ could be converted into
adsorbed layer thicknesses, refractive indexes, and adsorbances. The specifications of a
custom ellipsometer solution cell, constructed to allow for the measurement of m situ
polymer adsorption, were detailed. Experimental results for the adsorption of PS on
chrome from cyclohexane at 35° C compared favorably with literature thickness and
adsorbance values, suggesting that the newly built cell worked properly. Finally,
equipment to apply a surface potential to the adsorbing metal substrate was outlined.
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Figure 2.1, Con^nents of an ellipsometer.
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>Figure 2.2. Homogeneous, single-layer, adsorbed film model.
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1 . Entry window (optical flat)
2 . Alignment window (optical flat)
3 . Exit window (optical flat)
4 . Sample (working electrode)
5 . Tilt stage
6 . Base plate
7 . Solution chamber
8 . Alignment beam and telescope
9 • Incident beam and polarization optics
10. Reflected beam and polarization detection optics
1 1 . Auxiliary electrode
12. Thermistors
13. Peltier element
14. Woven wire resistive heater
15. Temperature controllers
16. Reference electrode
17. Poientiostat
Figure 2.4. Ellipsometer Solution Cell.
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Figure 2.5. Delta as a function of time for PS (Mw = 8.5x10^) adsorbed onto chrome
from cyclohexane at 35* C. The concentration of the polymer solution was 600 ppm.
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Figure 2.6. Psi as a function of time for PS (Mw = 8.5x10^) adsorbed onto chrome
from cyclohexane at 35* C. The concentration of the polymer solution was 600 ppm.
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Figure 2.7. An illustration of how McCrackin's computer program matches each
measured Delta and Psi value to the corresponding adsorbed layer thickness and
refractive index.
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Figure 2.8. Thickness plotted as a function of time for an adsorbed PS (Mw =
8.5x10^) layer on chrome with cyclohexane present at 35' C. A polymer concentration
of 600 ppm was used.
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Figure 2.9 Refractive index of an adsorbed PS (Mw = S.SxlO^) layer on chrome with
cyclohexane present at 35* C as a function of time, A polymer concentration of 600
ppm was used.
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Figure 2.10. Adsorbance plotted as a function of time for PS (Mw = 8.5x10^)
adsorbed onto chrome from cyclohexane at 35* C. A polymer concentration of 600 ppm
was used.
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Figure 2.11. The simple electronic circuit upon which a potentiostat is based.
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Figure 2.12. Application of a controlled potential at an adsorbing surface in the
ellipsometer solution cell.
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CHAPTER 3
AN ELLIPSOMETRIC INVESTIGATION OF 7-GLOBULIN AT A PLATINUM
ELECTRODE
3.1 Introduction
The role that electrostatic interactions play in polyelectrolyte adsorption is
extremely complex, and therefore, a complete understanding remains elusive. These
comparatively long-ranged interactions are thought to control the structure of a flexible
polyelectrolyte layer at the solution/solid interface. However, few techniques provide
insight into this adsorbed layer structure, and current knowledge is based on relatively
few experiments. In our study, the effect of an applied surface potential on the
thickness of an adsorbed polyelectrolyte layer is examined by combining in situ
ellipsometry with voltammetry. Method development is crucial for obtaining accurate
results. A first step is identification of a polyelectrolyte which could act as a control.
This charged polymer should exhibit an extremely rigid conformation, preventing
changes in adsorbed layer thickness with surface potential variations. A search of the
literature pinpointed y-globulin, a protein that possesses a rigid tertiary strucmre known
to adsorb onto inert metal surfaces
7 -Globulin, otherwise known as immunoglobulin G or IgG, is a Y-shaped
molecule made up of 4 chains which are covalently linked together by 16 disulfide
bonds (Figure 3.1). The 4 chains include 2 identical high molecular weight, or heavy,
chains and 2 identical low molecular weight, or light, chains. The heavy chains
originate at the Fc terminus (base of the Y), fold into the light chains located in the Fab
portion of the molecule (arms of the Y), and extend to the Fab termini (tips of the Y).
Positioned at the Fab termini are chemically and structurally variable domains needed to
form antigen-binding sites of great diversity. Constant domains are also present as they
preserve the biological properties of each immunoglobulin class. The Fc regions and
the Fab portion of the molecule are linked together by a flexible hinge allowing the Y-
shaped 7-globulin molecule to become T-shaped under the influence of external factors.
Compared to other proteins, y-globulin has an extremely stable conformation, provided
by the 16 disulfide bond linkages. Dimensions of this protein, given in Figure 3.1,
were determined by Silverton et al. using X-ray crystallography \ Scanning tunneling
microscopy gives comparable results Bovine y-globulin has a reported molecular
weight of 160,000 ^ and an isoelectric point of 6.8 ^. The amphoteric nature of this
biopolymer allows the charge on the molecule to be controlled by adjusting the pH of
the solution. In addition to these hydrophilic groups, y-globulin also contains
hydrophobic regions which might provide an additional driving force for adsorption.
Blood proteins such as y-globulin are known to adsorb onto artificial implants
positioned in the cardiovascular system, causing thrombosis to occur The possible
link between the surface charge of an implanted device and protein adsorption has long
been examined ' The immobilization of proteins at electrically charged interfaces is
also vital for technologies such as biosensors and immunoassays, which utilize
electrochemical processes as a method of quantification Morrissey et al. ^ claimed
a dependence of both protein conformation and adsorbance on an applied surface
potential. However, other scientists were unable to relate protein adsorption to surface
charge I2.i3.i9.20
Because y-globulin possesses a rigid tertiary structure, changes in protein
conformation accompanying variation in applied surface potential appear improbable.
Therefore, y-globulin provides a control for our experiments, allowing a verification of
the method by which ellipsometry can be combined with voltammetry to determine in
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situ adsorbed layer thicknesses, refractive indexes, and adsorbances, none of which
seem Hkely to vary with surface potential. Contrary to this expectation, Morrissey's
ellipsometric results ^ suggest a change in adsorbed T-globulin layer thickness and
adsorbance with variation in applied surface potential.
3.2 Experimental
3.2.1 Materials
Bovine y-globulin was purchased from Sigma Chemical Company
(electrophoretic purity ~ 99%) and used without further purification. This protein is
described in Table 3.1. Solutions were prepared by dissolving the protein in a
phosphate buffer with a pH = 8.5 and an ionic strength I = 0.15 M. The buffer was
made by dissolving reagent grade Na2HP04 and NaH2P04-H20 (Fisher) in ultra-pure,
deionized water (Millipore Q, UF-OR). Buffered solutions were used because y-
globulin dissolved in 0.15 M, pH = 7.4 NaC104 gave irreproducible ellipsometric
results, an effect likely due to small variations in the pH caused by the formation of
hydrogen ions. Platinum foil (25 X 25 X 0.5 mm, 99.9985 % purity, Johnson
Matthey) was used as the adsorbing surface. It was polished to a mirror finish with
successively finer alumina grits (Buehler), ending with a particle size of 0.05 [im.
3.2.2 Instrumentation
A Rudolph Auto EL n nulling ellipsometer was used to monitor the adsorption
of y-globulin on the foil. A helium neon laser (wavelength = 632.8 nm) emitted an
incident beam with the angle of beam incidence equal to 70°. In situ adsorption studies
were carried out using the ellipsometer solution cell described in Section 2.4.
A three electrode potentiostat was used to apply the electric potential to the
adsorbing surface. Details of this instrumentation are included in Section 2.6. Voltages
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are reported with respect to a miniature Ag/AgCl electrode (Cypress Systems, Inc.)
placed near the platinum surface. The counter electrode was a coiled 6 inch platinum
wire (0.51 mm diameter, 99.95% purity. Fisher), also placed near this surface. The
platinum foil itself was used as the working electrode.
3.2.3 Cleaning Procedure for the Platinum Foil
Before each experiment, the platinum surface was immersed in a 1: 1 mixture of
boiling sulfuric and nitric acid for 10 minutes to remove residual organic material. The
surface was then rinsed with copious amounts of distilled water before mounting it in
the ellipsometer solution cell. The cell was subsequently sealed and purged with N2 to
prevent interference from atmospheric COj. Following alignment of the cell in the
ellipsometer, filtered (0.45 ^im filter, Millipore Millex-HV) phosphate buffer was
purged with N2 and cannulated into the cell. Solution was allowed to reach an
equilibrium temperature of 25° C (~ 8 hours). The surface was then cleaned
electrochemically by cycling between -1.18 V and +1.32 V, potential extremes at which
hydrogen ions are reduced and water is oxidized, respectively, in this buffer solution.
Three ellipsometric measurements were taken at each extreme. Cycling continued until
reproducible values for A and were determined at both potentials.
3.3 Effect of Initial Adsorbing Potential on y-GlobuIin Adsorption
3.3.1 Experimental Procedure
After cleaning, the potential was lowered to -1.18 V and slowly raised to the
selected potential at which y-globulin adsorption was to be examined. Four initial
adsorbing potentials were considered, -0.5, -0.4 V, 0.0 V, and -1-0.4 V. Ellipsometric
measurements of the bare surface with only buffer present were first taken at the chosen
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initial adsorbing potential to detennine the complex refractive index of the bare platinum
surface.
Using a syringe, 10 ml of the buffer solution was then removed from the cell
and replaced by 10 ml of a concentrated bovine y-globulin solution previously filtered
through a 0.45 ^im Millipore Millex-HV filter. The resulting protein concentration was
1 1.4 mg/ml, a concentration chosen to duplicate the conditions under which Morrissey
et al 2 detected adsorption. An eUipsometric measurement was taken immediately and
then every 5 minutes thereafter until the variation in A and ^ values became minimal (~4
hours). Constancy of A and T suggested that an equilibrium temperature of 25° C was
reached and a plateau in adsorbance attained.
3.3.2 Results
The complex refractive index N = n - ik of the bare platinum surface in the
presence of phosphate buffer is first calculated from A and 4^ using McCrackin's NBS
FORTRAN program (Section 2.3). This value of N is needed as a reference in
determining the thickness and refractive index of the adsorbed y-globulin layer. Figures
3.2 and 3.3 exemplify the time dependence of A and 4^ after y-globulin is introduced to
the platinum foil at 0.0 V. Similar curves are obtained when adsorbing y-globulin at
initial adsorbing potentials of -0.5, -0.4 V, and -1-0.4 V. Thicknesses and refractive
indexes calculated from these A and 4^ values are shown in Figures 3.4 and 3.5. Next,
the amount adsorbed is determined using Equation 2.6, which is repeated below:
A = (n2-ni)t/(dn/dc)
where n2 is refractive index of the adsorbed layer, n| is the refractive index of the
buffered y-globulin solution, t is the thickness of the adsorbed film, and dn/dc is the
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refractive index increment of the y-globulin solution. A value of 0. 178 ml/g is used for
the refractive index increment, as determined by differential refractometry (Otsuka
Electronics, RM-102) at constant added salt dilution. The error in adsorbance calculated
using dn/dc determined at constant added salt, as opposed to that determined at constant
chemical potential, is less than 5% because the two dn/dc values differ by less than 0.01
ml/g 21. Figure 3.6 shows the change in adsorbance with time.
The applied surface potential appears insignificant as far as the structure of the
adsorbed layer is concerned. This finding is exemplified in Figures 3.7 and 3.8, where
little difference can be detected in layer thickness and plateau adsorbance with variation
in the initial potential at which the protein is adsorbed.
3.4 Effect of an Applied Surface Potential on an Adsorbed y-Globulin
Layer Ignoring Surface Oxidation/Reduction
3.4.1 Experimental Procedure
Following the experimental procedure described in 3.3.1, y-globulin was
adsorbed at a potential of 0.0 V. Once a plateau in adsorbance was attained, the buffered
protein solution was siphoned out of the ellipsometer cell, which was rinsed with the
phosphate buffer and filled with clean buffer solution containing no protein.
Ellipsometric readings were again taken every 5 minutes until the variation in A and ^
became minimal, a condition suggesting that an equilibrium temperature had again been
reached. To determine the effect of an applied surface potential on the structure of the
adsorbed protein layer, the potential was then decreased to -0.6 V. Ellipsometric
measurements were taken at 5 minute intervals for a period of 30 minutes. The potential
was then increased by 100 mV increments every 30 minutes up to a potential of +0.6 V
and then decreased by 100 mV increments at 30 minute intervals back down to a
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potential of
-0.6 V. EUipsometric measurements were constantly taken at 5 minute
intervals.
3.4.2 Results
Values of A and 4^ of the clean platinum foil immersed in buffer at 0.0 V are
used to determine the complex refractive index N of the surface. An adsorbed y-
globulin layer thickness of -300 A is calculated from the steady state values of A and T
for the protein-covered surface at the starting potential of 0.0 V. For the same layer, a
plateau adsorbance of -6.5 mg/m2 is calculated using Equation 2.6. Upon replacement
of the protein solution in the cell with clean phosphate buffer, the thickness of the
adsorbed y-globulin layer and the calculated amount of protein adsorbed do not change.
As the applied surface potential is cycled, A and change (Figures 3.9 and
3.10). Average values of A and 4^ are reported at each potential because measurements
taken over the 30 minute time interval at any specific potential are not statistically
different from one another. Assuming no surface oxidation/reduction, apparent
adsorbed layer thicknesses and refractive indexes at potentials other than 0.0 V are
calculated using N of the bare platinum foil at 0.0 V. As shown in Figure 3.1 1, the
apparent thickness of the adsorbed protein layer appears to decrease from -525 A to -25
o
A when the potential is increased from -0.6 V to +0.6 V and to rise from -25 A to -700
A when the potential is lowered from +0.6 V to -0.6 V. The decrease in apparent
adsorbed layer thickness associated with an increasing applied surface potential appears
similar to that reported by Morrissey et al. ^. As shown in Figure 3.12, the apparent
refractive index of the adsorbed y-globulin layer remains constant while the potential is
increased from -0.6 V to +0.4 V. At potentials greater than or equal to +0.5 V, an
abrupt increase in refractive index of the adsorbed layer is observed. The calculated
values become unrealistically large, casting doubt on the ellipsometric analysis. When
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the potential is subsequently lowered from +0.6 V to -0.6 V, the apparent refractive
index of the layer decreases, attaining values similar to those previously found when the
potential was raised.
Adsorbance appears to drop from -6.5 mg/m2 to ~ 5.0 mg/m2 when the
potential is first lowered from 0.0 V to -0.6 V (Figure 3.13). With a subsequent
increase in potential from
-0.6 V to +0.6 V, the apparent adsorbance remains constant
until a high positive potential is reached, where an abrupt increase from - 5.0 mg/m2 to
-7.0 mg/m2 is observed. These results are similar to those reported by Morrissey
et al 2. As the potential is lowered from +0.6 V to -0.1 V, the apparent adsorbance first
increases slightly to -8.0 mg/m2 and then decreases to - 5.0 mg/m2. The apparent
adsorbance remains constant at -5.0 mg/m2 as potential is lowered further to -0.6 V.
The adsorbance results become questionable when one recognizes that the amount of
protein adsorbed at high positive potentials is greater than that amount adsorbed under
the initial adsorbing conditions, even though no protein was present in the solution
above the platinum surface.
3.5 Effect of an Applied Surface Potential on an Adsorbed y-Globulin
Layer Accounting for Surface OxidationyReduction
3.5.1 Experimental Procedure
Once the surface was electrochemically cleaned, the potential was lowered to
-1.2 V and then increased by 100 mV steps to a potential of +1.3 V. At this stage, the
potential was decreased by 100 mV increments, returning to the starting potential of -1.2
V. Three ellipsometric measurements were taken at each 100 mV step, with the average
A and 4^ values reported. The voltage was again increased by 100 mV increments to a
potential of -0.5 V. Using a syringe, 10 ml of the buffer solution was removed from
the cell and 10 ml of a concentrated bovine y-globulin solution added, producing a 1 1.4
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mg/ml solution. After 4 hours, ellipsometric readings had stabiHzed. To determine the
effect of surface potential, the applied potential was then increased by 100 mV
increments every 30 minutes to a potential of +0.7 V, with ellipsometric measurements
taken at 5 minute intervals.
3.5.2 Ellipsometric Results for a Clean Platinum Surface with Variation
in Applied Surface Potential
The eUipsometric parameters of clean platinum immersed in the buffer alone are
plotted as a function of applied surface potential in Figures 3.14 and 3.15. Reported A
and 4^ values are an average of three complete potential cycles with measurements taken
at each 100 mV step. Error bars reflect repeated cycling of potential. The observed
changes in A and ^ are indicative of the electrochemical processes that take place at the
surface of the platinum electrode. These processes were deduced by Benziger et al.
using infrared spectroscopy ^2. Appendix B contains cyclic voltammograms of the
platinum surface under various conditions (Figures B.l - B.3). At an applied surface
potential of -1.2 V, the platinum surface is reduced, and the ellipsometric parameters A
and 4^ both attain their maximum values. These values remain constant up to a potential
of -0.2 V, suggesting that no electrochemistry occurs between -1.2 V and -0.2 V.
However, when the surface potential is increased further, A and 4^ decrease due to the
adsorption of OH (or O) on the surface. At a surface potential of ~+0.9 V, the
electrolysis of water begins, causing O2 to be produced The surface becomes
fully oxidized, and A and ^ reach their minimum values at a potential of +1.3 V. When
the potential is once again decreased, OH (or O) begins to desorb from the platinum
surface at a potential of -0.2 V, causing A and ^ to increase. At potentials more
negative than -0.4 V, the values of A and 4^ become constant and very close to those
previously attained. The surface is once again reduced.
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The potentials at which oxidation or reduction of the platinum surface occur in
an aqueous environment are not universal, but specific to the pH at which the
experiment is conducted. In this study, a pH of 8.5 was used. A more acidic solution
would push the oxidation/reduction curves to more positive potentials, while a more
basic solution would push these curves to increasingly negative potentials 22. Figures
B.4
-
B.9 in Appendix B demonstrate the effect of pH on plots of A/^' as a function of
applied surface potential. Between the two potential extremes, the values of A differ by
~1.8\ while the values of T differ by -0.16°. These changes in A and 4^ are similar to
those reported in the literature 25-29 ^^^^ g^^^^jy ^^^^^^ ^y^^ corresponding standard
deviations of ±0.038° and ±0.013°, respectively, determined by averaging the standard
deviations of the three ellipsometric readings taken at each applied potential.
The complex refractive index N of the platinum surface at each potential is
calculated from the A and 4^ values plotted in Figures 3. 16 and 3. 17 using the
McCrackin's NBS FORTRAN program. These A and T (averages of three consecutive
measurements taken at each 100 mV step) represent the final cycle of potential and are
believed to better represent the state of the surface just before polymer adsorption than
the averages obtained upon repeated cycling (Figures 3.14 and 3.15). These values are
later used in determining adsorbed y-globulin layer thicknesses and refractive indexes.
3.5.3 Ellipsometric Results for the Effects of Applied Potential on an
Adsorbed y-Globulin Layer
Ellipsometric parameters for the y-globulin-covered platinum foil in the presence
of the buffered protein solution are plotted as a function of applied surface potential in
Figures 3.18 and 3.19. A comparison of A and 4* obtained for the protein-covered
platinum foil and those obtained for the bare platinum surface in the presence of buffer
is shown in Figures 3.20 and 3.21. These ellipsometric parameters are further
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compared in Appendix B (Figures B.IO - B.13). Because A and vp for the protein-
covered surface during the 30 minute measurement period at each potential are not
statistically different from one another, average A and 4^ values are used in determining
the thickness and refractive index of the adsorbed y-globulin layer at each potential.
McCrackin's NBS program is employed to calculate the adsorbed 7-globulin layer
thickness and refractive index at each applied potential using a single layer model and
the A and 4^ values for the bare surface at the same potential. Results are shown in
Figures 3.22 and 3.23. Error bars are also determined via McCrackin's program by
inputting the standard deviations for A and 4^ (±0.038° and ±0.013°, respectively) as
the experimental error. The true thickness and refractive index values he within these
calculated limits with a 95% probability. An average adsorbed 7-globulin layer
thickness of ~ 250 A is measured. No effect of applied surface potential on the
thickness of an adsorbed protein layer is observed within the error of this experiment.
These inferences directly contradict those previously reported by Morrissey et al. 2.
The amount of y-globulin adsorbed onto the platinum surface from the buffered
protein solution is calculated at ~7 mg/m^ using Equation 2.6. Once a plateau in
adsorbance is reached at the initial adsorbing potential, variation in applied surface
potential does not change the amount adsorbed (Figure 3.24). The abrupt increase in
adsorbance at high positive potentials, which Morrissey et al. ^ reported, is not
observed in these experiments.
3.6 Discussion
3.6.1 Evidence for the Oxidation/Reduction of tiie Platinum Surface
After Polymer Adsorption
The thickness, refractive index, and adsorbance returned by ellipsometry for an
adsorbed layer are strongly affected by the optical properties assumed for the bare
60
surface. Previous researchers calculating thicknesses and adsorbances 2.25.30-32
ignored changes in the near-surface refractive index of a metal substrate as surface
potential is varied. The claim has been put forward that changes in the optical properties
of a platinum foil are insignificant after a protein layer is attached, even when the
potential is varied within ranges where the bare surface is known to be oxidized and
reduced. Under this claim, the adsorbed polymer is thought to completely passivate the
metal surface, thereby preventing oxidation/reduction.
To convince the reader of this argument's faulUness, several lines of evidence
will be presented. First, observation of y-globulin adsorption at a series of discrete
applied surface potentials finds no accompanying variations in layer structure. Thus,
there is no obvious driving force for changes in layer thickness or adsorbance as
potential is continuously varied for a single layer. Due to the rigid tertiary structure of 7-
globulin, thickness invariance is expected. As discussed in 3.3.2 and illustrated in
Figure 3.7, a layer thickness of ~ 275 A is observed for y-globulin adsorbed at steady
potentials between -0.5 V and -1-0.4 V; this adsorption protocol imposes a steady surface
chemistry before, during, and after polymer adsorption. In contrast, other experiments
are conducted with surface potential varied after the polymer is introduced and adsorbed
to steady state (3.5.2). Close agreement between the two experiments is only attained
when surface oxidation/reduction is taken into account. For example, an adsorbed layer
thickness of ~ 250 A is determined for y-globulin adsorbed at -0.5 V; the thickness of
this layer remains unchanged as potential is increased by 100 mV increments to -1-0.7 V,
a trend shown in Figure 3.22. If surface oxidation/reduction is ignored (3.4.2), as
alternatively supposed in Figure 3.1 1, layer thickness decreases with increasing
potential, an improbable result given the trends reported in 3.3.2. Similarly,
adsorbances for the two protocols can be compared. When 7-globulin is initially
adsorbed at potentials between -0.5 V and -f-0.4 V, an average adsorbance of - 6.8
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mg/m2 is dctcriiuncd, as depicted in Figure 3.8. Taking into account
oxidation/reduction, a comparable adsorbance of
-7.0 mg/m^ is measured irrespective
of surface potential for a layer adsorbed at -0.5 V and subjected to potential variations
between
-0.5 V and +0.7 V. This result is shown in Figure 3.24. The near exact
overlap of adsorbances between Figures 3.8 and 3.24 strongly suggests that surface
chemistry continues after polymer adsorption has reached steady state.
A second evidence against surface passivation is the striking resemblance
between the shape of the A versus applied potential curve for the bare platinum surface
(Figure 3.14) and that for the protem-covered platmum surface (Figures 3.9 and 3.18).
This similarity is also observed in the M' versus applied potential curve for the baie
platinum surface (Figure 3.15) and that of the protein-covered platinum surface (Figures
3. 10 and 3. 19). Changes in A and 4^ for the bare .surface can only be attributed to the
electrochemical processes that take place at the surface. Logic would suggest that
similar trends observed in A and for the protein-covered surface would arise from the
same processes.
Still another evidence is the calculated refractive index of adsorbed y-globulin
layers, which becomes unrealistically high at large positive potentials when surface
oxidation/reduction is ignored. Such unphysical refractive indices are found in Figure
3.12 at potentials more positive than -l-O.l V. Figure 3.13 unveils a last evidence,
unrealistically large adsorbances in the same positive potential range. If
oxidation/reduction is ignored, calculated adsorbance may even exceed the adsorbance
measured after the overlying solution is replaced by solvent. With no protein source,
these high adsorbances are certainly incorrect.
Although these four pieces of evidence do not separately suffice to disprove the
theory of surface passivation, together they provide an overwhelming unfavorable case.
In contrast, the assumption of no passivation, which has been asserted in drawing
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Figures 3.22-3.24, can simply and consistently explain all data. Unless water mobility
is extraordinarily attenuated by adsorbed protein, there appears no obvious physical
reason why surface oxidation and reduction should not proceed beneath a protein layer
at a rate comparable to a bare surface. The question should not be whether passivation
occurs or not but rather the extent to which the adsorbed protein can modify the ultimate
level of oxidation/reducUon. The present data suggest that no modification is a better
first approximation than complete passivation.
3.6.2 Role of Electrostatic Interactions
The role that electrostatic interactions play in the alteration of an adsorbed y-
globulin layer appears to be minimal, as adsorbed layer thicknesses and adsorbances
remain constant even when the protein is adsorbed at different initial surface potentials
(Figures 3.7 and 3.8). In addition, no change in adsorbed layer thickness or
adsorbance is observed with variation in applied surface potential once 7-globulin is
adsorbed (Figures 3.22 and 3.24). Therefore, measurement of the potential at which
the surface has zero charge (PZC) was not essential. Literature values for the PZC for
platinum in basic solutions are found to range between -0.2 and -0.5 V
However, this potential is highly dependent on the medium in which the metal surface is
immersed as well as the crystal face which dominates At a pH of 8.5, y-globulin is
known to carry a net negative charge due to the dissociation of the carboxyl groups
above its isoelectric point. Locally, however, the protein carries both positive and
negative charges which may interact with the surface. Although variations in applied
surface potential should alter the electrostatic interactions between the platinum surface
and the charged protein molecules, these changes did not manifest themselves in
measurable structural alterations of the adsorbed protein layer. This result can most
likely be attributed to the rigid conformation of y-globulin.
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3.6.3 Structure of the Adsorbed Y-Globulin Layer
The effect of adsorption on the conformation of a y-globuhn molecule can be
inferred if the molecular dimensions of this protein in solution are known. In our
experiments, an ellipsometric thickness of -250 A is determined for the adsorbed 7-
globulin layer on platinum. This thickness suggests that y-globulin retains its native
conformation upon adsoiption, since a hydrodynamic radius of 120 A is measured
using dynamic light scattering (DLS) (ALV/DLS-5000) (See Appendix B, Figure
B. 14). Variation in applied surface potential most likely does not result in
conformational change of the adsorbed protein molecule.
In an effort to further elucidate the structure of the adsorbed 7-globulin layer, a
comparison is made between the experimentally determined amount of protein adsorbed
and that calculated using the molecular dimensions of 235 x 44 x 44 A and the known
molecular weight If a compact, uniform adsorbed monolayer is assumed, an
adsorbance of 2.7 mg/m^ can be estimated for 7-globulin molecules adsorbed in a side-
on arrangement. In contrast, if the molecules are adsorbed in an end-on arrangement,
the amount of protein adsorbed is 13.7 mg/m^. In our experiments, the amount of 7-
globulin adsorbed is ~7 mg/m2. This value lies somewhere between the two calculated
extremes, suggesting that adsorbed 7-globulin molecules are positioned in a tilted
arrangement or with a statistical variation of tilt angle. Surface potential variations do
not change the amount of 7-globulin adsorbed, and therefore, one can speculate that the
protein molecules do not reposition themselves upon variation of the applied electric
field.
3.7 Conclusions
When analyzing ellipsometric data to determine adsorbed layer thickness and
refractive index, as well as the amount of polymer adsorbed, it is crucial to take into
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account the oxidation/reduction of the surface at the relevant appHed surface potentials.
In following this procedure with platinum, no change in the thickness of an adsorbed y-
globulin layer with variation in surface potential is observed. In addition, once a plateau
in adsorbance of y-globulin at a specified potential is reached, varying the potential does
not change the amount of protein adsorbed. From these results, the structure of the
adsorbed y-globulin layer can be inferred. y-Globulin appears to adsorb onto the
platinum surface in its native conformation. Upon variation of the applied surface
potential, no alteration in the structure of the adsorbed layer is observed. This result
be attributed to the extremely stable conformation of 7-globulin, resulting from 16
disulfide bond linkages.
can
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Table 3.1. Description of y-Globulin.
General Properties
Molecular weight'
Isoelectric point
160,000
pH 6.8
Composition (Amino Acid Groups)^
Nonionic groups 74 %
(serine, threonine, alanine, proline, valine, etc.)
Anionic groups 17 %
(aspartic acid, glutamic acid)
Cationic groups 9 %
(lysine, arginine, histidine)
^Andrade et al ^. ^At the isoelectric point, the net charge of y-globulin is
Johnson et al ^. ^The structure is as follows:
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Figure 3. 1. The structure of y-globulin as suggested by Silverton et al. ^. The two
heavy chains are shown in white and dark gray. The two light chains are lightly
shaded. The black spheres represent the individual hexose units of the complex
carbohydrate. The dimensions given were determined by Silverton et al. ^ using X-ray
crystallography.
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Figure 3.2. Delta plotted as a function of time for the adsorption of y-globulin on
platinum from a sodium phosphate buffer solution (pH = 8.5, 1 = 0. 15 M) at 25" C and
0.0 V.
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Figure 3.3. Psi plotted as a function of time for the adsorption of y-globulin on
platinum from a sodium phosphate buffer solution (pH = 8.5, 1 = 0. 15 M) at 25* C and
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Figure 3.4. Thickness plotted as a function of time for the adsoiption of y-globulin on
platinum in the presence of a sodium phosphate buffer solution (pH = 8.5, 1 = 0. 15 M)
at 25' C and 0.0 V.
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Figure 3.5 Refractive index of an adsorbed y-globulin layer on platinum in the presence
of a sodium phosphate buffer solution (pH = 8.5, 1 = 0.15 M) plotted as a function of
time at 25" C and 0.0 V.
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Figure 3.6. Adsorbance plotted as a function of time for y-globulin on platinum in the
presence of a sodium phosphate buffer solution (pH = 8.5, 1 = 0.15 M) at 25* C and
0.0 V.
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Figure 3.7. Adsorbed y-globulin layer thickness on platinum in the presence of a
sodium phosphate buffer solution (pH = 8.5, 1 = 0.15 M) at 25* C plotted as a function
of initial adsorbing potential.
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Figure 3.8. The amount of y-globulin adsorbed on platinum in the presence of a sodium
phosphate buffer solution (pH = 8.5, 1 = 0.15 M) at 25* C plotted as a function of initial
adsorbing potential.
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Figure 3.9. Delta plotted as a function of applied surface potential for the y-globulin
covered platinum foil in the presence of a sodium phosphate buffer (pH = 8.5, 1 = 0.15
M) at 25* C.
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Figure 3.10. Psi plotted as a function of applied surface potential for the y-globulin
covered platinum foil in the presence of a sodium phosphate buffer (pH = 8.5, 1 = 0.15
M) at 25" C.
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Figure 3. 11. Plot of adsorbed y-globulin layer thickness on a platinum foil in the
presence of a phosphate buffer (pH = 8.5, 1 = 0.15 M) as a function of applied surface
potential. Thicknesses were calculated from ellipsometric parameters ignoring effects of
surface oxidation/reduction.
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Figure 3.12. Plot of the refractive index of the adsorbed y-globulin layer on a platinum
foil in the presence of a phosphate buffer (pH = 8.5, 1 = 0.15 M) as a function of
applied surface potential. Refractive indexes were calculated from ellipsometric
parameters ignoring effeas of surface oxidation/reduction.
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Figure 3.13. Plot the amount of y-globulin adsorbed on a platinum foil in the presence
of a phosphate buffer (pH = 8.5, 1 = 0.15 M) as a function of applied surface potential.
Adsorbances were calculated from ellipsometrically measured thicknesses and refiractive
indexes assuming that no oxidationAeduction of the platinum surface occurred once the
protein was adsorbed.
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Figure 3.14. Delta plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25* C. The size of the
error incurred for IDelta with repeatedly cycling of potential is shown.
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Figure 3.15. Psi plotted for a bare platinum surface in a sodium phosphate buffer (pH
= 8.5, 1 = 0.15 M) at 25' C as a function of applied surface potential. The size of the
error incurred for Psi with repeatedly cycling of potential is shown.
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Figure 3.16. Delta plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25* C. The average of
three ellipsometric measurements taken at each potential are shown.
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Figure 3. 17. Psi plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25* C. The average of
three ellipsometric measurements taken at each potential are shown.
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Figure 3. 1 8. Delta plotted as a function of applied surface potential for the y-globulin
covered platinum foil in the presence of the buffered protein solution (pH = 8.5, 1 =
0.15 M) at 25' C.
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Figure 3.19. Psi plotted as a function of applied surface potential for the y-globulin
covered platinum foil in the presence of the buffered protein solution (pH = 8.5, 1 =
0.15 M) at 25' C.
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Figure 3.20. Comparison of the change in Delta with variation in apphed surface
potential for the bare platinum surface immersed in the phosphate buJffer solution (pH =
8.5, 1 = 0.15 M) to that for the y-globulin-covered platinum surface in the presence of
the buffered protein solution (pH = 8.5, 1 = 0.15 M) at 25' C.
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Figure 3.21. Comparison of the change in Psi with variation in applied surface potential
for the bare platinum surface immersed in the phosphate buffer solution (pH = 8.5, 1 =
0.15 M) to that for the y-globulin-covered platinum surface in the presence of the
buffered protein solution (pH = 8.5, 1 = 0.15 M) at 25* C.
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Figure 3.22. Plot of adsorbed y-globulin layer thickness on a platinum foil in the
presence of a buffered y-globulin solution (pH = 8.5, 1 = 0.15 M) as a function of
applied surface potential.
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Figure 3.23. Plot of refractive index of the adsorbed Y globulin layer on a platinum foil
in the presence of a buffered y-globulin solution (pH = 8.5, 1 = 0.15 M) as a function of
applied surface potential.
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Figure 3.24. Plot of the amount of y-globulin adsorbed on the platinum surface from a
buffered y-globulin solution (pH = 8.5, 1 = 0.15 M) as a function of applied surface
potential.
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CHAPTER 4
EFFECTS OF AN APPLffiD SURFACE POTENTIAL AND IONIC STRENGTH ON
THE STRUCTURE OF AN ADSORBED GELATIN LAYER
4.1 Introduction
The structure of a flexible polyelectrolyte layer at the solution/solid interface can
be expected to reflect the electrostatic interactions between the charged polymer chains
and the charged surface. A flattened conformation seems likely for flexible
polyelectrolyte chains adsorbed onto oppositely charged surfaces while an extended
conformation can be envisaged for charged polymers adsorbed onto similarly charged
surfaces. Present knowledge of the adsorbed layer structure is derived from a relatively
small number of experiments. To better understand the complex role played by
electrostatic interactions in polyelectrolyte adsorption, in situ ellipsometry is used in this
study to examine the effect of an applied surface potential on the thickness of a flexible
polyelectrolyte layer at the solution/metal interface. Appendix A outlines many attempts
to adsorb model, synthetic polyelectrolytes onto inert metal surfaces, none of which
were successful. The adsorption of y-globulin to platinum, discussed in Chapter 3,
suggests that a flexible polyelectrolyte of similar composition might adsorb. Such an
alternative was sought because a flexible chain conformation was deemed necessary to
observe effects of potential on layer structure. Following this logic, gelatin was
identified as a likely candidate due to its flexible amphoteric nature.
Gelatin is derived from collagen, the primary component of animal hides, bones,
cartilage, and tendons. Native collagen, which exhibits a rigid-rod conformation,
consists of three helical peptides chains (a chains, each with a molecular weight of ~
95,000) held in close parallel association. With an acid or base pretreatment and thermal
denaturation (temperatures > 39° C), insoluble collagen can be transformed mto water-
soluble gelatin molecules, which exhibit a random coil conformation. Aqueous gelatin
solutions contain a mixture of single (a), double (p), and triple (y) stranded gelatin
molecules, with the a and (3 forms dominating as depicted in Figure 4.1.
Intermolecular crosslinks near the ends of the a chains, unaffected by mild chemical and
thermal treatment, prevent complete dissociation of the chains in the original triple helix.
A small number of the peptide backbone Unkages are cleaved by the chemical
pretreatment, and as a result, gelatin exhibits a typical polydispersity index in the range
of 2 to 4.
The dominant amino acid sequence is the repeating triplet,
-(glycine - X - Y)-,
where X and Y are other amino acids. Proline almost always occupies the X position,
while hydroxyproline is restricted to the Y position. Together, these three amino acids
make up more than 50% of the molecule. The remaining portions of this protein are
comprised of other nonpolar (alanyl, seryl, leucyl, valyl, threonyl, methionyl, and
tyrosyl) as well as polar (glutamyl, aspartyl, lysyl, arginyl, and hystidyl) residues.
Localized acidic or basic regions are not found, as polar side chains are randomly placed
along the chain backbone. Because gelatin is a polyampholyte, gelatin chains exhibit a
net anionic, neutral, or cationic charge depending on whether the solution pH is above,
at, or below the isoelectric point (lEP). Locally, however, both positive and negative
charges exist simultaneously on the gelatin chain at any moderate pH.
Using scattering methods, Pezron et al. ' found the persistence length of gelatin
to be on the order of 20 A, which corresponds to six polypeptide units along the chain
(two glycine-proline-Y sequences). Gelatin is therefore not as flexible as polystyrene,
which has a persistence length of about 10 A, but is more flexible than many other
95
biopolymers. Double-stranded DNA, for example, possesses a persistence length of
500-600 A.
The literature reveals numerous studies of the adsorption of gelatin on silver
halide crystals, reflecting the importance of gelatin as a colloidal protective agent in
photographic emulsions. One of the first studies, by Curme and Natale 2 in the 1960s,
concluded that gelatin adsorbed on AgBr sol in a conformation quite similar to that
exhibited in aqueous solution, with maximum adsorption at the lEP. Kragh and
Peacock ^ studied adsorption and desorption isotherms of gelatin on AgBr above and
below the ffiP, finding greater adsorption above the ffiP. In addition, desorption of
loosely bound gelatin was possible above the ffiP. Measuring heats of adsorption,
Berendsen and Borginon found that the amount of gelatin adsorbed on AgBr was
strongly pH-dependent, with the binding energy increasing at pH values below the ffiP
and remaining roughly constant above the lEP. Matemaghan et al. ^-^ were the first to
use ellipsometry to examine adsorbed gelatin layer thicknesses and adsorbed amounts.
Effects of pH, pAg, ionic strength, lattice face of AgBr, degree of phthalation, and
molecular weight distribution were investigated. Their results indicated that gelatin
molecules were adsorbed as 'monolayers' of random coils. The coils were laterally
compressed but otherwise only moderately deformed when compared with coils in the
solution state.
Studies of the adsorption of gelatin on surfaces other than silver halides are also
found in the literature. Kudish and Eirich ^ adsorbed gelatin on Pyrex glass and
stainless steel surfaces, measuring a maximum in the amount adsorbed at the lEP.
When the surface and gelatin were oppositely charged, adsorbance remained substantial,
When similarly charged, adsorption was still detected, suggesting that non-electrostatic
attractions play a role in the adsorption process. Kawanishi et al. ^ measured the forces
between gelatin layers adsorbed onto mica surfaces from KCl solutions. Their results
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suggest that gelatin adsorbs in a flat configuration at pH values below the ffiP, a regime
where electrostatic forces between gelatin and mica are attractive. Above the ffiP, a
more extended gelatin conformation was observed, presumably due to repulsive
interactions. At the lEP, a minimum in adsorption was detected, contrary to the
previous literature. Kamiyama and Israelachvili ^ systematically investigated the
adsorption of gelatin on mica as a function of pH and ionic strength using a surface
force apparatus. Changes in chain conformation, exemplified by measured brush-layer
thicknesses, appeared to be highly dependent on pH, with salt concentration having less
of an effect. Results of their study are summarized in Table 4.1 and described
pictorially in Figure 4.2. Contrary to intuitive expectations, significant adsorption was
detected above the lEP, a pH range where both protein and surface displayed the same
net negative charge. Adsorption was attributed to the formation of discrete ionic bonds
between the negative surface groups on mica and positive basic groups on gelatin,
bonds that exist even when the net charge is negative.
All of these studies strongly suggest the importance of electrostatic interactions
on the adsorption of gelatin chains to charged interfaces. Therefore, it seems probable
that the structure of an adsorbed gelatin layer can be controlled by the application of a
potential to the adsorbing surface. In the following chapter, effects of an applied
surface potential on the adsorbed gelatin layer thickness and the amount of protein
adsorbed are examined using ellipsometry. Ionic strength is also a parameter in these
studies.
4.2 Experimental
4.2.1 Materials
The gelatin selected for these experiments (Eastman Kodak Company) was an
alkali-pretreated bone gelatin, deionized with a mixed-bed, ion-exchange resin. A
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description c,l the prolc.n is g.vcn in Tabic 4.2. Solutions were picparcd by soaking the
freezc-dricd protein in phosphate buHcr solutions at room Icnperatuie overnight and
then heating the solutions to 40" C to allow lor complete dissolution. Phosphate
bulTers. pll = 7.0 and ionic strengths I of 0.0 1 M and 1 .0 M. were prepared by
dissolving reagent grade Na2HP04 and Nal l2l'C)4.1l20 (Fisher) in ultra-pure,
dcionized water (Millipore Q, Ul'-OR). Dynamic light scatteriii)', (1)1 .S) (AI.V/DLS-
50(X)) was used to determine the hydrodynanuc radius of gelatin as a function of ionic
strength (l igure 4.3). Our results are comparable to those reported by lioedtkcr atid
Doty and Pezron et al. '. (Appendix C, Figures C. 1
,
C.4, and C.5, show the effect
of pi 1 on the hydrodynamic radius of gelatin as well as on the structure of the adsorbed
layer.) A platinum foil (25 X 25 X 0.5 mm, 99.9985 % purity, Johnson Malthey) was
used as the adsorbing surface. It was polished to a mirror finish with successively finer
alumina grits (Buchler), ending with a particle size of 0.05 |im.
4.2.2 Instrumentation
A Rudolph Auto liL II nulling cllipsometcr was used to monitor the adsorption
of gelatin onto the foil. The incident light of wavelength 632.8 nm and incidence angle
70" was emitted from a helium neon laser. In situ adsorption studies were carried out
using the newly constructed ellipsometer solution cell discussed in Section 2.4.
A potcntiostal was used to apply an electric potential to the adsorbing surface.
Details of this instnimcnlation arc included in Section 2.6. Three electrodes were
connected to the potcntiostal and also inserted into the solution cell. The reference
electrode was a miniature Ag/AgCI electrode (Cypress Systems, Inc.) in 3 M KCI
saturated with AgCl. All voltages reported in this chapter are stated with respect to this
reference electrode. The counter electrode was a coiled 6 inch platinum wire (0.5 1 mm
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diameter, 99.95% purity, Fisher). The platinum foil described above was used as the
working electrode.
4.2.3 Cleaning Procedure for the Platinum Foil
The plaunum surface was cleaned by first immersing it in a 1 : 1 dilution of
boiling sulfuric and nitric acid for 10 minutes to remove any residual adsorbed organic
material. The surface was then rinsed with copious amounts of distilled water and
immediately mounted in the ellipsometer solution cell. The cell was sealed shut and
purged with N2 to remove atmospheric CO2. Following careful alignment of the cell in
the ellipsometer, phosphate buffer, which had been passed through a 0.45 ^m filter
(Millipore Millex-HV) and purged with N2, was cannulated into the cell. This solution
was allowed to reach the measurement temperature of 40° C over a 12 hour period. The
surface was then cleaned in situ by repeated electrochemical reduction at -1.3 V and
oxidation at +1.4 V, potential extremes at which hydrogen ions are reduced and water is
oxidized, respectively, in this buffer. Three ellipsometric measurements were taken at
each extreme. This procedure was continued until reproducible values of A and were
obtained at each extreme. Once electrochemically cleaned, adsorption experiments could
be carried out.
4.3 Effects of the Initial Adsorbing Potential and Ionic Strength on
Gelatin Adsorption
4.3.1 Experimental Procedure
After electrochemical cleaning, the applied potential was lowered to - 1 .3 V and
then increased to the potential selected for gelatin adsorption. Ellipsometric
measurements of the bare platinum surface with buffer present were taken at this
potential to determine the complex refractive index N = n - ik of the surface.
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Using a syringe. 20 ml of the buffer solution was then removed from the cell.
This volume was replaced by filtering (0.45 ^im Millipore MiUex-HV filter) 20 ml of a
concentrated gelatin solution near 40° C into the cell . The resultmg protem
concentration was 10 mg/ml. This concentration was chosen to be similar to the y-
globulin concentration used in the preceding experiments (Chapter 3). Ellipsometric
measurements were taken immediately and every 5 minutes thereafter until the variation
in A and 4> values became minimal (~3 hours). This steadiness suggested that not only
was the equilibrium temperature of 40° C reached, but that a plateau in adsorbance was
also attained.
4.3.2 Results
The complex refractive index of the bare platinum surface in the presence of
buffer is calculated from the values of A and 4^ obtained at the initial adsorbing potential
using McCrackin's NBS FORTRAN program (Section 2.3). The value of N is
subsequently used as a reference in determining the thickness and refractive index of the
adsorbed gelatin layer. Figures 4.4 and 4.5 exemplify the time-dependent changes in A
and 4^ as gelatin is adsorbed onto the platinum foil at the specified potential.
McCrackin's NBS single-layer program is used to calculate the adsorbed gelatin layer
thicknesses and refractive indexes from these A and values (Figures 4.6 and 4.7).
The amount of gelatin adsorbed onto the platinum surface from the buffered
protein solution is calculated using Equation 2.6, which is reiterated below:
A = (n2-n|)t/(dn/dc)
where n2 is refractive index of the adsorbed gelatin layer, nj is the refractive index of
the buffered gelatin solution in which the platinum foil is immersed, t is the thickness of
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the adsorbed film, and dn/dc is the refractive index increment of the gelatin solution. A
value of 0.18 ml/g is used for the refractive index increment of the gelatm solution as
determined by differential refractometry (Otsuka Electronics, RM-102) at constant added
salt dilution. Figure 4.8 shows the change in adsorbance with time.
Variation in the initial adsorbing potential has litde effect on the adsorbed gelatin
layer thickness (Figures 4.9 and 4.1 1) or the amount of gelatin adsorbed (Figures 4. 10
and 4. 12), suggesting that the structure of the layer is independent of applied surface
potential. Comparison of Figures 4.9 and 4. 1 1 show a small effect of ionic strength on
the thickness of the adsorbed gelatin layer. However, the amount of gelatin adsorbed
varies little with ionic strength, a point best seen by Figures 4.10 and 4.12.
4.4 Effect of an Applied Surface Potential on an Adsorbed Gelatin Layer
Correcting for Surface Oxidation/Reduction
4.4.1 Experimental Procedure
Once the surface was cleaned, the potential was lowered to -1.3 V and
subsequently increased by 100 mV steps to +1.4 V. The same pattem was then
reversed, as the potential was dropped in 100 mV increments, returning to the starting
potential of -1.3 V. Three ellipsometric measurements were taken at each 100 mV step
with the average A and 4^ values reported. A first set of ellipsometric parameters was
collected for the bare surface, before exposure to gelatin.
From -1.3 V, the voltage was again increased in 100 mV increments to a
potential of 0.0 V, where adsorption of gelatin was to take place. This potential was
chosen for two reasons: first, ellipsometric results for the adsorption of gelatin at 0.0 V
were always easily converted into thickness and refractive index values, a statement
untrue for adsorption of gelatin at potentials < -0.4 V; secondly, between the potentials
of -0.6 and +0. 1 V, no electrochemistry occurred on the platinum surface, allowing the
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voltage to be returned to -0.6 V without changing the surface characteristics. Sample
was introduced and measured by the methods described in 4.3.1. In order to determine
the effect of surface potential, the voltage applied to the layer was initially lowered to
-0.6 V and subsequently increased by 100 mV increments every 30 minutes to a
potential of +0.3 V, with ellipsometric measurements taken at 5 minute intervals.
4.4.2 Ellipsometric Results for a Clean Platinum Surface with Variation
in Applied Surface Potential
The ellipsometric parameters A and 4^ of a clean platinum foil immersed in a
sodium phosphate buffer (pH = 7.0, 1 = 0.10 M) are plotted as a function of surface
potential in Figures 4. 13 and 4. 14. The reported A and 4^ are an average of three
measurements taken at each 100 mV step and represent one complete cycle of potential.
As stated in Chapter 3, over a bare surface, changes in A and 4^ with potential are
indicative of the electrochemical processes taking place at the platinum electrode. These
processes were deduced by Benziger et al. using infrared spectroscopy 'I At a surface
potential of -1.3 V, the platinum surface is reduced, and A and 4^ reach their maximum
values. These values remain constant up to a potential of +0.1 V, suggesting that no
electrochemistry occurs between -1.3 V and +0.1 V. However, when the surface
potential is increased further, A and ^ drop due to the adsorption of OH (or O) on the
surface. At a surface potential of ~+ 1.1 V, the electrolysis of water begins, causing O2
to be produced As the surface becomes oxidized, A and 4^ reach their minimum
values at a potential of +1.4 V. Lowering the potential to +0.1 V, OH (or O) begins to
desorb from the platinum surface, causing A and 4^ to increase. At potentials more
negative than +0.1 V, A and 4^ become constant and very close to those previously
attained at these potentials. The surface is once again reduced.
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Between the two potential extremes, the values of A differ by ~ 1 .8°, while the
values of 4^ differ by -0.16°. These changes are similar to those reported in the
literature '^-is a^d greatly exceed the corresponding standard deviations of ±0.033° and
±0.017°, respectively, determined by averaging the standard deviations of the three
ellipsometric readings taken at each applied potential. The complex refractive index for
the bare platinum is found to vary with applied surface potential due to changes in the
chemical nature of the platinum surface.
4.4.3 Ellipsometric Results for the Effects of Applied Potential on an
Adsorbed Gelatin Layer
The parameters A and obtained for the gelatin-covered platinum foil in the
presence of the buffered protein solution are plotted as a function of applied surface
potential in Figures 4. 15 and 4. 16. A comparison of A and ^ obtained for the protein-
covered platinum foil and those obtained for the bare platinum surface in the presence of
the phosphate buffer is shown in Figures 4.17 and 4.18. These ellipsometric
parameters are further compared in Appendix C (Figures C.2 - C.3).
Because A and ^ for the protein-covered surface during the 30 minute
measurement period at each potential are not statistically different, averages are used in
determining the thickness and refractive index of the adsorbed gelatin layer at each
potential. The complex refractive index of the bare platinum foil at the same potential is
employed as the reference value from which changes upon adsorption are measured.
McCrackin's NBS program is used to calculate the adsorbed gelatin layer thickness and
refractive index at each applied potential. The results are shown in Figures 4.19 and
4.20. Error bars are determined through McCrackin's program by inputting the
standard deviations for A and 4^ (± 0.033° and ± 0.017°, respectively) as the
experimental error for the measurement. The true thickness and refractive index values
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lie within these calculated limits with a 95% probability. An average adsorbed gelatin
layer thickness of ~ 370 A is determined. No effect of applied surface potential on the
thickness of an adsorbed protein layer is observed within experimental error.
The amount of gelatin adsorbed onto the platinum surface from the buffered
protein solution is calculated to be ~ 3. 1 mg/m2 using Equation 2.6. Once a plateau in
adsorbance is reached at the initial adsorbing potential, variation in applied surface
potential does not change the amount adsorbed (Figure 4.21).
4.5 Discussion
4.5.1 Effect of an Applied Surface Potential on the Structure of the
Adsorbed Gelatin Layer
Because gelatin is a flexible polyampholyte, variation in the electrostatic
interactions between the protein and the platinum surface was expected to alter the
structure of an adsorbed gelatin layer. Surprisingly, the results of our study prove
otherwise. Adsorbed gelatin layer thicknesses and plateau adsorbances are shown to be
independent of the surface potential at which gelatin is initially adsorbed onto the
platinum foil (Figures 4.9 - 4.12). This result suggests that there is no driving force for
structural changes in the adsorbed gelatin layer with variation in potential. When
adsorbing gelatin at a potential 0.0 V and subsequently varying the surface potential
between -0.6 and +0.3 V, no change is observed in adsorbed layer thickness or amount
adsorbed (Figures 4.19 and 4.21, respectively) within the error of the experiment.
A probable explanation for these results is as follows. Gelatin adsorbs onto
platinum as a fairly dense layer, demonstrated by a measured adsorbance of ~ 2 to ~ 3
mg/m^ and an adsorbed layer thickness of ~ 350 to ~ 500 A. At a pH of 7.0, the net
charge on gelatin is negative. Locally, however, this protein carries both positive and
negative charges along its backbone. Because the chains in the adsorbed layer are so
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closely associated with one another, the electrostatic interactions between segments of
the chains are high. Consequently, the adsorbed gelatin layer is overwhelmed by these
segment-segment interactions and obhvious to variations in applied surface potential
(Figure 4.22).
Because of the minimal role that surface-segment electrostatic interactions play in
the alteration of an adsorbed gelatin layer, the potential of zero surface charge (PZC)
was not measured. Literature values for the PZC for platinum in neutral salt solutions
are found to range between -0.2 and +0.2 V 19-22^ ^^^^ ^^j^^^ ^^^^ dependent on the
medium in which the metal surface is immersed, as well as the crystal face which
dominates
As evidenced in Chapter 3, oxidation/reduction of the platinum surface does
occur with variation in applied surface potential even after the protein has been adsorbed
onto the surface. Therefore, the ellipsometric data for the gelatin-covered surface are
corrected for surface oxidation/reduction when determining adsorbed layer thicknesses,
refractive indexes, and adsorbances. The correction procedure utilizes the difference in
the A value obtained for the bare platinum surface and that measured for the gelatin-
covered platinum surface at the same surface potential (5A) (Figures 4.17 and C.2).
The same is done for (64^) (Figures 4.18 and C.3). Because small differences in 6A
or result in large changes in layer thicknesses and adsorbances, experimental error
can be magnified when calculating adsorbed layer properties. Thickness and
adsorbance results least subject to distortion are those obtained at surface potentials
where no electrochemistry occurs on the bare metal surface. In the experiments
described above, this window of potential is between -1.3 V and +0. 1 V. To extend
these potential limits further, care must be taken to accurately account for surface
oxidation. Because the amount of gelatin adsorbed on platinum is approximately half
that of y-globulin (i.e., 6A and measured for gelatin adsorption are half those
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obtained of y-globulin adsorption), there is less tolerance for experimental errors in 5A
and 6T. As might be expected, the greatest chance for error in 5A and arises when
ellipsometric parameters change rapidly with potential (potentials greater than
-fO. 1 V in
this experiment). Therefore, adsorbed gelatin layer thicknesses, refractive indexes, and
adsorbances are only determined to a potential of +0.3 V. At potentials greater than this
threshold, errors in 6A and 5^ result in unrealistic values for adsorbed layer properties.
4.5.2 Effect of Ionic Strength on the Structure of the Adsorbed Gelatin
Layer
Ionic strength I appears to have only a very slight effect on the structure of an
adsorbed gelatin layer at a pH of 7.0. At I = 0.01 M, the average adsorbed layer
thickness in phosphate buffer is determined to be - 490 A ± 100 A. Increasing 1 to 0.
1
M, thereby screening charge to a greater extent, causes a small decrease to ~ 370 A ±
100 A. These results are similar to those reported by Kamiyama and Israelachvili at
the same pH (Table 4.1, Figure 4.2). Attempts to determine gelatin layer thicknesses at
higher ionic strengths met with little success, as the measured A and T could not be
matched with corresponding thickness and refractive index values. The failure suggests
that the increased salt concentration interferes in some way with the ellipsometric
measurement.
Dynamic light scattering is used to determine the hydrodynamic radius of
gelatin as a function of I. Knowing the protein's molecular dimensions in solution, the
effect of adsorption on the conformation of gelatin can be inferred. An average
hydrodynamic radius of 152 A is measure for gelatin in phosphate buffer at pH = 7.0
and I = 0.01 M or 0. 1 M. Virtually no effect of salt concentration on the size of this
molecule is observed (Figure 4.3). The ellipsometric thickness for an adsorbed flexible
polymer layer has been shown to be 1 .7 times greater than the root-mean square
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thickness trms the latter being somewhat larger than the radius of gyration Rg but
smaller than the root-mean square end-to-end distance. Heming et al determined
Rg/Rh for their gelatin system (pH = 7.0, 0. 1 M NaCl) to be 1.5, but cautioned that the
ratio should depend on the chain configuration (linear or branched), the molecular
weight, the solvent quality, and the polydispersity index. Theoretical models 25.26
predict this ratio to lie between 1.72 and 1.86, but experimental values 27.28 ^re
generally lower. Assuming Rg/R^ = 1.5, the gelatin used in our experiments possesses
a Rg of 228 A at pH = 7.0 and 0.01 M < I < 0. 1 M. From the length of a peptide bond
(3-3.5 A) and the number of amino acid residues in the chain (~ 1000), the root-mean
square end-to-end distance of gelatin is 3000-3500 A. The Rg and root-mean square
end-to-end distance of gelatin are compared with the trms values obtained for adsorbed
gelatin layers. Dividing measured ellipsometric thicknesses by 1.7, t^s = 289 A (I =
0.01 M) and 215 A (I = 0. 1 M), suggesting that gelatin adsorbs on platinum in a
random coil conformation which is not significantly distorted with applied surface
potential.
Complementing the thickness result, little effect of ionic strength on the amount
of gelatin adsorbed is observed. Adsorbances of 2.4 ± 1.0 mg/m^ and 2.0 ± 1.0 mg/m2
are calculated for gelatin adsorbed onto platinum from the phosphate buffer at I = 0.01
M and 0.1 M, respectively. Assuming a molecular weight of 100,000, the area
occupied by one adsorbed gelatin molecule is therefore -70 - 8 1 nm^.
4.6 Conclusions
Although gelatin is a flexible polyampholyte, no change in adsorbed layer
thickness or amount of protein adsorbed is measured during variation of surface
potential, after correction of the ellipsometric data for oxidation/reduction of the
platinum surface. Relating solution conformation of gelatin determined by dynamic
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light scattering to adsorbed layer dimensions, gelatin is found to adsorb onto platinum in
a random coil conformation at all potentials examined. A probable explanation for these
results is that lateral segment-segment interactions within a flexible polyelectroiyte layer
are more important to layer structure than the long range segment-surface interactions.
Ionic strength is confirmed to have little, if any, effect on the structure of the adsorbed
layer at a pH of 7.0, a trend similar to the results reported by Kamiyama and
Israelachvili ^.
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In^rlt^; \ ^^"^ r Israelachvih-s study ^ for the adsorption of gelatino mica as a function of pH and ionic strength (I). A surface force apparatus was used
to measure brush-layer thickness (L).
*
pH = 3.5 lEP = 5.0 pH = 7.5
I = 0.0001 L= 150 A L = 300 A L - 650 A
I = 0.001 L= 150 A L = 620 A L = 500 A
I = 0.01 L= 100 A L = 250 A L = 470 A
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Table 4.2. Description of Gelatin.
General Properties
Molecular weight of single a chain
Polydispersity^
Isoelectric point'^
95,000
- 2.0
pH 4.9
Composition (Amino Acid Groups)^
Nonionic groups gO %
(glycine, alanine, proline, hydroxyproline, etc.)
Anionic groups 12 %
(glutamic acid, aspartic acid, etc.)
Cationic groups g %
(lysine, arginine, histidine, hydroxylysine, etc.)
^Determined by Rose ^9. ^Determined by measuring pH after mixed-bed
exchange resin treatment At the lEP, the net charge of gelatin is zero. ^The
structure is as follows:
ion-
0
II
rH
1
0
II
H
1
CH-C — •N- CH- C- -N- CH-C- -N- CH
1
Ri
1
II
1
R3
.
1
.H 0
H2N-
where Rp = amino acid group (n ~ 1000)
110
(b)
a2
al
cold, d!lul« acid
mw IS 285,000
Ws=U dl/
380
9
(c)
<^
mw s: 190,000
al a2
mw s: 95.000
[a]j„ = -130
[J -0.3 dl/g
Figure 4.1. Various levels of collagen protein organization as depicted by Rose -^^i (a)
Highly crosslinked array of collagen molecules in fibrous tissue, (b) A single collagen
molecule composed of three a chains, (c) The tiiree kinds of random-coil gelatin
molecules that can result from thermally denaniring the native molecule.
Ill
Acid Side
pH<5
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Ionic
Strength
Isoelectric Point
pH=r5
Basic Side
pH>5
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Ionic
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Expected
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Configuration
on Mica
Figure 4.2. Likely coil configurations of gelatin in solution and when adsorbed onto a
negatively charge mica surface as a function of pH and ionic strength as suggested by
Kamiyama and Israelachvili ^.
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Ionic Strength (Molar)
Figure 4.3. Hydrodynamic radius of gelatin in sodium phosphate buffer at a pH = 7
as a function of ionic strength determined by dynamic light scattering.
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Figure 4.4. Delta as a function of time for the adsorption of gelatin on platinum finom a
sodium phosphate buffer solution (pH = 7.0, 1 = 0.10 M) at 40* C and 0.0 V.
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Figure 4.5. Psi as a function of time for the adsorption of gelatin on platinum from a
sodium phosphate buffer solution (pH = 7.0, 1 = 0.10 M) at 40* C and 0.0 V.
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Figure 4.6. Thickness plotted as a function of time for the adsorption of gelatin on
platinum in the presence of a sodium phosphate buffer solution (pH = 7.0, 1 = 0. 10 M)
at 40" C and 0.0 V.
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Figure 4.7 Refractive index of an adsorbed gelatin layer on platinum in the presence of
a sodium phosphate buffer solution (pH = 7.0, 1 = 0.10 M) plotted as a function of time
at 40* C and 0.0 V.
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Figure 4.8. Adsorbancc plotted as a function of time for gelatin on platinum in the
presence of a sodium phosphate buffer solution (pH = 7.0, 1 = 0.10 M) at 40* C and
0.0 V.
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Figure 4.9. Adsorbed gelatin layer thickness on platinum in the presence of a sodium
phosphate buffer solution (pH = 7.0, 1 = 0.10 M) at 40* C as a function of initial
adsorbing potential.
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Figure 4.10. The amount of gelatin adsorbed on platinum in the presence of a sodium
phosphate buffer solution (pH = 7.0, 1 = 0.10 M) at 40° C as a function of initial
adsorbing potential.
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Figure 4. 1 1 . Adsorbed gelatin layer thickness on platinum in the presence of a sodium
phosphate buffer solution (pH = 7.0, 1 = 0.01 M) at 40' C as a function of initial
adsorbing potential.
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Figure 4.12. The amount of gelatin adsorbed on platinum in the presence of a sodium
phosphate buffer solution (pH = 7.0, 1 = 0.01 M) at 40' C as a function of initial
adsorbing potential.
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Figure 4.13. Delta plotted as a function of applied surface potential for a bare platinum
surface immersed in a sodium phosphate buffer (pH = 7.0, 1 = 0.10 M) at 40' C. The
average of three ellipsometric measurements taken at each potential are shown.
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Figure 4. 14. Psi plotted as a function of applied surface potential for a bare platinum
surface immersed in a sodium phosphate buffer (pH = 7.0, 1 = 0.10 M) at 40* C. The
average of three ellipsometric measurements taken at each potential are shown.
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Figure 4.15. Delta plotted as a function of applied surface potential for the gelatin-
covered platinum foil in the presence of the buffered protein solution (pH = 7.0, 1 =
0.10 M) at 40* C.
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Figure 4.16. Psi plotted as a function of applied surface potential for the gelatin-
covered platinum foil in the presence of the buffered protein solution (pH = 7.0, 1 =
0.10 M) at 40° C.
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Figure 4.17. Comparison of the change in Delta with variation in applied surface
potential for the bare platinum surface immersed in the phosphate buJffer solution (pH =
7.0, 1 = 0.10 M) to that for the gelatin-covered platinum surface in the presence of the
buffered protein solution (pH = 7.0, 1 = 0.10 M) at 40' C.
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Figure 4.18. Comparison of the change in Psi with variation in applied surface potential
for the bare platinum surface immersed in the phosphate buffer solution (pH = 7.0, 1 =
0. 10 M) to that for the gelatin-covered platinum surface in the presence of the buffered
protein solution (pH = 7.0, 1 = 0.10 M) at 40' C.
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Figure 4,19. Plot of adsorbed gelatin layer thickness on a platinum foil in the presence
of a buffered protein solution (pH = 7.0, 1 = 0.10 M) at 40* C as a function of applied
surface potential.
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Figure 4.20. Plot of refractive index of the adsorbed gelatin layer on a platinum foil in
the presence of a buffered protein solution (pH = 7.0, 1 = 0.10 M) at 40' C as a function
of applied surface potential.
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Figure 4.21. Plot of the amount of gelatin adsorbed on the platinum surface from a
buffered gelatin solution (pH = 7.0, 1 = 0.10 M) at 40' C as a function of applied
surface potential.
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Figure 4.22. Cartoon of gelatin adsorption on a charged platinum surface. Lateral
segment-segment interactions appear to be more important to layer thickness than
segment-surface interactions.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
This thesis examines the effect of an applied surface potential on the structure of
an adsorbed polyelectrolyte layer at the solution/metal interface. Attempts to adsorb
model, synthetic polyelectrolytes, such as poly(styrene sulfonate), poly(acrylic acid),
poly(vinylpyridine), poly-(L-lysine), and poly-(L-glutamic acid) onto inert metal
surfaces met with little success. No adsorption was detected using ellipsometry. This
surprising null result suggests that attractive electrostatic forces between the polymer
and surface cause these highly charged polyelectrolyte chains to adsorb in extremely
flattened conformations with adsorbances smaller than the detection limits of the
instrument. In the absence of nonelectrostatic forces to anchor the chains, repulsive
electrostatic forces oppose adsorption. These forces provide an impetus for chain
extension from the surface in the case where nonelectrostatic forces are of sufficient
strength to pin down the chains. Faced with these dual problems, an alternative
candidate needed to be identified for this project. A search of the literature revealed the
adsorption of biological macromolecules onto inert metal surfaces ^'^2. Many
biopolymers contain both acidic and basic groups which allow the charge on the
polymer to be controlled by adjusting the pH. In addition to these hydrophilic groups,
hydrophobic regions are also present which may provide an additional driving force for
adsorption or increase the dimensions of the adsorbed layer, facilitating detection by
ellipsometry.
One such biopolymer, 7-globulin, was identified as an ideal candidate for the
development of a method by which in situ ellipsometry could be combined with
voltammetry to correctly determined adsorbed layer thicknesses and adsorbances.
Because of this proteins extremely rigid conformation, resulting from 16 disulfide bond
linkages, no effect of an applied surface potential on the structure of this adsorbed layer
was expected. Previous investigators reported changes in adsorbed layer thickness with
surface potential as segments are attracted and repelled from the surface 2.6.13-15
However, surface oxidation/reduction effects were neglected by these investigators
when analyzing ellipsometric results, based on a belief that protein adsorption passivates
the surface. This thinking, however, is absurd; otherwise, physisorption would be
widely used as a means to protect surfaces of such structures as buildings, bridges, or
even architectural ruins. Our investigation of the adsorption of 7-globulin on platinum
provides evidence for surface oxidation/reduction with variation in surface potential
despite polymer adsorption. When all effects are properly considered, an adsorbed y-
globulin layer thickness of -250 A and an adsorbance of ~ 7.0 mg/m^ are determined at
a pH of 8.5, where the polymer carries a net negative charge. Subsequent variation in
surface potential has no effect on layer thickness or adsorbed amount. These results
suggest that y-globulin adsorbs in its native conformation and that the surface potential
does not affect the structure of this rigid layer.
In contrast, adsorbed layer alterations with surface potential are anticipated for
flexible polyelectrolyte chains. Because of the unsuccessful attempts to adsorb model,
synthetic polyelectrolytes onto inert metals, a flexible polyelectrolyte, similar in
composition to y-globulin, was desired. A search of possible candidates identified
gelatin. Upon adsorption of this protein from a phosphate buffer at a pH of 7.0 and a
temperature of 40° C, a layer thickness between 370 and 490 A is determined, with
adsorbances varying between 2.0 to 2.4 mg/m^ irrespective of ionic strength. These
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values suggest that gelatin adsorbs onto platinum in a random coil conformation.
Variation in surface potential again does not change the adsorbed layer thickness or
amount adsorbed, once ellipsometric results are corrected for surface
oxidation/reduction, a result which was unexpected for a flexible polyelectrolyte system,
Therefore, lateral segment-segment interactions within this flexible polyelectrolyte layer
appear to be more important to layer structure than long range segment-surface
interactions.
5.2 Future Work
Our investigation has brought us a step closer to understanding the complex role
of electrostatic interactions in the adsorption of polyelectrolytes at solution/solid
interfaces. However, further work is necessary to elucidate the conditions under which
the structure of an adsorbed charged polymer layer can be controlled by surface
potential. The results of our study suggest that surface potential effects can be best
observed when lateral segment-segment interactions are minimized, thereby maximizing
segment-surface interactions. To accomplish this feat, polyelectrolyte chains could be
end-grafted at a controlled density to an inert metal surface. The known specific binding
of organosulfur compounds on gold might be exploited
Optimal grafting density for the exploitation of surface potential will depend on
such factors as type and number of charges along the backbone of the polymer chain,
surface charge density, and ionic strength. Polyampholytes which simultaneously
possess positive and negative charges exhibit both attractive and repulsive segment-
segment and segment-surface interactions, making their adsorption behavior very
complex. The chances of observing structural rearrangements of such polymers with
surface potential variations are greatest at low grafting densities where the chains are
invisible to one another. However, minimal surface coverage eliminates the use of
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or scanning
ellipsometiy for detecuon purposes. Instead, atomic force microscopy
tunneling microscopy might be employed to observe changes in chain conformation as a
function of surface potential.
In contrast, highly charged homopolymers exhibit only repulsive segment-
segment interactions, with segment-surface interactions being either entirely repulsive or
entirely attractive. At high grafting densities, repulsive segment-segment interactions
are believed to cause the polymer chains to become fully extended from the surface,
thereby preventing a repulsive surface potential from stretching the chains further. Ionic
strength effects should also be examined, as increasing salt concentration screens
electrostatic repulsions and might cause collapse of extended charged brushes by
decreasing repulsive segment-segment interactions. Ellipsometry can be used in this
case to determine changes in layer thickness and adsorbance, provided grafting densities
are high enough for detection purposes. Neutron reflectivity directly measures the
density profile of the grafted chains, yielding more in-depth information about the
structure of the polymer layer.
A study of the effect of an applied surface potential on the structure of an
adsorbed charged-neutral diblock copolymer would help elucidate the role of
electrostatic interactions in polyelectrolyte adsorption. Design of a suitable synthetic
copolymer that would allow preferential adsorption of one block (neutral block) to the
surface and the extension of the other block (charged block) into solution, forming a
brush, is needed. The water-soluble diblock copolymer, poly(tert-butylstyrene) -
sodium poly(styrene sulfonate) is such an example. Adsorbed layer thicknesses and
adsorbances could again be monitored using in situ ellipsometry as a function of surface
potential, charge on the polymer, and ionic strength.
Although metals such as platinum and gold are relatively inert, the present study
has shown that surface oxidation/reduction with potential variation occurs even with
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polymer adsorption. To eliminate this surface electrochemistiy, which can dramatically
add to experimental error in ellipsometric measurements, mercury is suggested as a
better surface. A liquid mercury electrode is advantageous because no charge transfer
occurs across the metal-solution interface over a potential range of -1.5 V. Although
the reduction of water at this surface is thermodynamically possible, reduction occurs at
a very slow rate in the applicable potential range, preventing surface
oxidation/reduction. In addition, the liquid nature of mercury allows its surface to be
easily renewed or cleaned, thus providing highly reproducible surface behavior.
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APPENDIX A
OTHER POLYELECTROLYTE SYSTCMS EXAMINED FOR WHICH LITTLE OR
NO ADSORPTION WAS DETECTED USING ELLIPSOMETRY
The following appendix describes polyelectrolyte systems which were examined
as possible candidates for studying the effects of an applied surface potential on the
structure of an adsorbed charged polymer layer. Few of these candidates, however,
proved to be viable candidates for this study, and therefore, are only reported in this
appendix so that other researchers might benefit from these failed attempts.
This appendix is divided into three sections. The first section describes the
screening method used to determine which polyelectrolyte systems would adsorb onto
inert metal surfaces in the absence of an apphed electric field. The second section gives
a complete list of those polyelectrolyte systems tested in the ellipsometer solution cell
with the presence of an applied electric field. In the final section of this appendix, a
simple experiment is presented which demonstrates the importance of electrostatic
interactions in the adsorption of polyelectrolytes at charged interfaces.
First, the experimental protocol used to screen possible polyelectrolyte
candidates for their adsorption on inert metal surfaces is described. These initial
experiments were performed outside of the ellipsometer solution cell, in the absence of
an applied electric field, so that the amount of time required for screening might be
reduced. Gold was chosen as the adsorbing surface because it was an inert metal,
similar to platinum, and could be obtained for much less the cost.
A gold surface (Brysen Optical Corporation, glass microscope slide coated with
a 5000 A thick gold layer, 99.998% purity) was washed with absolute alcohol and dried
under nitrogen. Ellipsometry (AutoEL H nulling elhpsometer, Rudolph Research) was
used to measure A and of this bare surface from which the complex refractive index
could be determined. To avoid the unwanted adsorption of contaminates from the air.
the gold surface was immediately inserted into a glass vial containing a previously
prepared polyelectrolyte solution. After a 24 hour time period, the surface was removed
from the glass vial, washed with approximately 50 ml of water, and dried under
nitrogen. Ellipsometry was once again used to measure the A and 4^ values of the
surface onto which the polymer had now been adsorbed. The differences in A and 4^
(6A andm before and after adsorption are reported in Table A. 1 for each polymer
system tested. Those systems exhibiting 6A and 64^ values similar to values obtained
for 7-globulin were further tested in the ellipsometer solution cell. y-Globulin was used
as the standard for comparison in these screening experiments as its adsorption on
platinum was easily detected using in situ ellipsometry (Chapter 3).
Table A.2 lists the polyelectrolyte systems which were tested in the ellipsometer
solution cell for their adsorption onto platinum. The general protocol for these
experiments was as follows. The platinum surface was first cleaned by immersing it in
a 1:1 dilution of boiling sulfuric and nitric acid for 10 minutes to remove any residual
adsorbed organic material. The surface was then rinsed with copious amounts of
distilled water and immediately mounted in the elhpsometer solution cell. Following
alignment of the cell in the ellipsometer, solvent was pipetted into the cell. When the
desired equilibrium temperature had been reached, the surface was then cleaned
electrochemically by repeatedly cycling between oxidative and reductive potentials.
Cycling was continued until reproducible values for the ellipsometric parameters A and
4^ were determined at both extremes. Once the surface had been electrochemically
cleaned, the potential was adjusted to that stated in Table A.2. The ellipsometric
parameters of the bare platinum surface were then measured and the complex refractive
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index determined. The polymer solution was subsequently introduced into the cell.
Ellipsometric measurements were taken rnimediately and eveiy 5 minutes thereafter for a
period of approximately 8 hours. The adsorbed layer thicknesses, refractive indexes,
and adsorbances could be determined from the changes in A and T before and after
adsorption. Unfortunately, however, little if any change in the ellipsometric parameters
could be detected for most of these polyelectrolyte systems, suggesting the no
adsorption had occurred. An exception to this generalization was poly-(L-lysine). This
polyamino acid appears to adsorb onto platinum at an applied surface potential of 0.0 V
with an average adsorbed layer thickness of 400 A and an adsorbance of 1 mg/m2. Due
to the noise present in the ellipsometric data for this system, poly-(L-lysine) was not
studied further.
Because of the difficulty encountered in attempting to adsorb polyelectrolytes on
inert metal surfaces with or without an applied electric field, a simple experiment was
done to renew our faith in the importance of electrostatic interactions when adsorbing
polyelectrolytes on charged substrates. Two charged polymer systems were adsorbed
onto silicon wafers which possessed a positive, negative, or no surface charge (Table
A.3).
The experimental protocol was as follows. Three silicon wafers, a positively
charged wafer (p-doped, resistivity = 65-80 QJcm), a negatively charged wafer (n-
doped, resistivity = 0.001-0.005 O/cm), and a wafer with essentially no surface charge
(n-doped, resistivity = 100-150 Q/cm), were washed with absolute alcohol and dried
under nitrogen. Ellipsometry was used to measure the parameters, A and ^, for each of
these bare substrates in order to determine the complex refractive index of each surface.
The silicon wafers were then inserted into glass vials containing either a NaPSS solution
or a PVP solution. After a 24 hour time period at the temperature specified in Table
A.3, each wafer was removed from its glass vial, washed with approximately 50 ml of
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water, and dried under nitrogen. Ellipsometry was once again used to measure the A
and ^ values of each surface. The largest change found in these values before and after
adsorption (8A and 84-) suggests that NaPSS, a negatively charged polymer, adsorbs
most strongly on the positively charged silicon wafer, while PVP, a positively charged
polymer, is most strongly attracted to the negatively charged wafer.
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Table A. 1. Adsorption of polyelectrolyte systems on gold. Changes in the
ellipsometnc parameters A and vp, determined before and after adsorption are reportedEllipsometnc measurements were made on dried polymer films.
^
POLYMER Mw CONC.
(mg/ml)
SOLVENT TEMP. - 6A + 64^
y-Globulin 1 60 000\J\J j\J\J\J 1 1 A oodium
i^nospnate
Buffer
(pH=8.5,
U=0.15)
RT 7.88 0.00
NaPSS 690,000 10.0 1.0 M NaCl RT 1.00 0.00
NaPSS 690,000 10.0 O.IM CaCl2 RT
1 .JO 0.00
NaPSS 690,000 10.0 25% H2O/
75% MeOH
RT 0.20 0.00
2-PVP 1,000,000 10.0 0.09 M NaCl
0 01 M HCl
RT 1.54 0.04
2-PVP 1,000,000 4.5 0.09 M NaCl
0 01 M HCl
RT 2.28 0.00
4-PVP 200,000 10.0 0.09 M NaCl
0.01 M HCl
RT 1.40 0.00
4-PVP 200,000 2.5 0.09 M NaCl
0.01 M HCl
RT 1.92 0.00
PAA 1,000,000 3.0 50% H2O/
50% MeOH
RT 1.28 0.00
Continued, next page
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Table A. 1. continued
NaPMAA 685,000 0.1 0.50 M NaCl 43 C 2.00 0.00
PLL, HBr 100,500 5.0 Sodium RT 1.63 0.00
Bicarbonate
Buffer
(pH= 11)
PLL 100,500 5.0 Sodium
Phosphate
Buffer
(PH = 7)
RT 4.36 0.00
Note: NaPSS is poly(styrene sulfonate), sodium salt; 2-PVP is poly(2-vinylpyridine)
4-PVP IS poly(4-vinylpyridine); PAA is poly(acrylic acid); NaPMAA is
poly(methacrylic acid), sodium salt; PLL, HBr is poly-(L-lysine), hydrobromide andRT stands for room temperature.
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Table A 2. Adsorption of polyelectrolyte systems on piin the elhpsometer solution cell
atinum. Experiments were done
POLYMER M w CONC.
(mg/ml)
SOLVENT TEMP.
CC)
APPLIED
SURFACE
POTENTIAL
(V vs Ag/AgCl)
NaPSS 1,060.000 0.4 0.1 M NaCl RT No Potential
NaPSS 1,060,000 0.4 0.5 M NaCl RT No Potential
NaPSS 1 ,060,000 0.4 0.5 M NaCl RT +0.2
NaPSS 690,000 0.4 H2O Acidified
with HCIO4 to
a pH = 2.5
RT +0.1
2-PVP 300,000-
400,000
0.1 H2O Acidified
with HCIO4 ^0
a pH = 2.5
RT
-0.4
4-PVP 200,000 2.0 0.09 M NaCl
0.01 M HCl
25 0.0
PAA 1,000,000 1.0 50% H2O/
50% MeOH
0.06 M NaCl
25 0.0
PAA 1,000,000 0.5 50% Acetate
Buffer (pH=3.7,
^1 = 0.01)/
50% MeOH
25 0.0
Continued, next page,
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Table A.2. continued
PAA 1,000,000 0.5 7-5% Acetate
Buffer (pH=3.7,
H = 0.01)/
25% MeOH
25 00
PAA 1,000,000 0.5 75% Acetate
Buffer (pH=7.4,
^1 = 0.1)/
25% MeOH
25 0.0
PLL, HBr 223,400 2.5 0.13 M NaC104
(pH = 7.0)
25 0.0
PGA, Na 120,500 8.3 Sodium
Phosphate
Buffer (pH=7.0,
U=0.1)
25 0.0
PGA-PGA(OEt)
(1:1)
70,000-150,000 4.2 Sodium
Phosphate
Buffer (pH=8.5,
U=0.15)
25 0.0
Note: NaPSS is poly(styrene sulfonate), sodium salt; 2-PVP is poly(2-vinylpyridine);
4-PVP is poly(4-vinylpyridine); PAA is poly(acrylic acid); PLL, HBr is poly-(L-
lysine), hydrobromide; PGA, Na is poly-(L-glutamic acid), sodium salt; PGA-
PGA(OEt) is a random copolymer of L-glutamic acid and L-glutamic acid with an
ethoxy group. RT stands for room temperature.
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o polyelectrolyte systems on silicon wafers. The wafer
a specific surface charge.
NaPSS 2-PVP
N-Doped(100-150Q/cm) Neutral SA=8.19. 5T = 0.06 6A = 3.38. = 0.
N-Doped (0.001-0.005 Negative 6A = 3.03, SH' = 0.04 5A= 12.19, 64^ = 0.26
Q/cm)
P-Doped (65-80 ^cm) Positive 5A= 13.56. = 0.39 5A = 2.99. 5T = 0.05
Note adsorption conditions:
Sodium Poly(styrene sulfonate):
400 ppm NaPSS (Mw = 1.2 million) in distilled water
0.5 M NaCl
23° C
Poly(2-vinylpyridine):
100 ppm 2-PVP (Mw = 300,000-400,000) in distilled water
0.9 N HCl
30° C
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APPENDIX B
SUPPLEMENTAL DATA FOR CHAPTER 3
Cyclic voltammograms of the platinum electrode under various conditions are
presented in Figures B.l through B.3.
Figures B.4 through B.9 demonstrate the effect of pH on the ellipsometric
parameters A and 4^ of a bare platinum surface as a function of applied surface potential.
Three pH's are examined, 5.7, 7.0, and 8.5. Hysteresis loops are pushed to more
positive potentials at lower pH values.
Superimposition of the plots of the elhpsometric parameters A and 4^ versus
applied surface potential for the y-globulin covered platinum surface and the bare
platinum surface are shown in Figures B.IO through B.13.
Dynamic light scattering (ALV/DLS-5000) is used to determine the
hydrodynamic radius of y-globulin as a function of ionic strength in a sodium phosphate
buffer at a pH = 7.5 (Figure B.14). Measurements are made at a concentration of 1
mg/ml and 25° C. The slight increase in radius with ionic strength that is observed is
most probably due to an increase in viscosity of the buffer with increasing salt
concentration which is not accounted for in this data.
oxidation
Potenfial / V ( vs Ag/AgCI )
Figure B. 1. Cyclic voltammogram of platinum electrode in IM HCIO4 as deteraiined
by Benziger et al. referenced in Chapter 2. (Electrode area 1.44 cnfi; potential sweep
rate 4 mV/s; 1 M Ag/AgCl reference electrode.)
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Figure B.2. Cyclic voltammogram of platinum electrode in distilled water. (Electrode
area 6.25 cm2; potential sweep was done by hand at a rate -0.1 mV/s; 3 M Ag/AgCl
reference electrode.)
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Figure B.3. Cyclic voltammogram of platinum electrode in 0.1 M NaCl. (Electnxie
area 6.25 cm^; potential sweep was done by hand at a rate -0.1 mV/s; 3 M Ag/AgCl
reference electnxie.)
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Figure B.4. Delta plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 5.7, 1 = 0.15 M) at 25* C. The average of
three measurements taken at each potential are shown.
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Figure B.5. Psi plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 5.7, 1 = 0. 15 M) at 25* C. The average of
three measurements taken at each potential are shown.
156
119.9
119.6 -
S 119.31
u
60
« 119.01
D
118.7
Q 118.4-
118.1 H
117.8
-1.3 V to +1.4 V
+1.4 V to -1.3 V
1.5-1.3-1.1 -0.9-0.7-0.5-0.3-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
Applied Potential (V vs Ag/AgCl)
Figure B.6. Delta plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 7.0, 1 = 0.10 M) at 40* C. The average of
three measurements taken at each potential are shown.
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Figure B.7. Psi plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 7.0, 1 = 0.10 M) at 40* C. The average of
three measurements taken at each potential are shown.
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Figure B.8. Delta plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 8.5, 1 = 0. 15 M) at 25' C. The average of
three measurements taken at each potential are shown.
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Figure B.9. Psi plotted as a function of applied surface potential for a bare platinum
surface in a sodium phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25" C. The average of
three measurements taken at each potential are shown.
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Figure B. 10. Superimposition of the plots of Delta vs. applied potential for the y-
globulin covered platinum foil in the presence of the buffered protein solution (pH
8.5, 1 = 0. 15 M) at 25* C and for the bare platinum surface in the presence of the
phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25* C. Adsorbed layer thicknesses,
refractive indexes, and adsorbances shown in Figure 3.22 - 3.24 were directly
determined from this comparison.
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Figure B. 1 1
.
Superimposition of the plots of Psi vs. applied potential for the y-globulin
covered platinum foil in the presence of the buffered protein solution (pH = 8.5, 1 =
0.15 M) at 25' C and for the bare platinum surface in the presence of the phosphate
buffer (pH = 8.5, 1 = 0.15 M) at 25* C. Adsorbed layer thicknesses, refractive indexes,
and adsorbances shown in Figure 3.22 - 3.24 were directly detemiined from this
comparison.
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Figure B. 12. Superimposition of the plots of Delta vs. applied potential for the y-
globulin covered platinum foil in the presence of the buffered protein solution (pH =
8.5, 1 = 0. 15 M) at 25' C and for the bare platinum surface in the presence of the
phosphate buffer (pH = 8.5, 1 = 0.15 M) at 25* C determined upon repeated cycling of
potential.
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Figure B. 1 3. Superimposition of the plots of Psi vs. applied potential for the y-globulin
covered platinum foil in the presence of the buffered protein solution (pH = 8.5, 1 =
0.15 M) at 25' C and for the bare platinum surface in the presence of the phosphate
buffer (pH = 8.5, 1 = 0.15 M) at 25* C determined upon repeated cycling of potential.
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Ionic Strength (Molar)
Figure B.14. Hydrodynamic radius of y-globulin in sodium phosphate buffer at a pH =
7.5 as a function of ionic strength determined by dynamic li^t scattering.
165
APPENDIX C
SUPPLEMENTAL DATA FOR CHAPTER 4
Dynamic light scattering (DLS) (ALV/DLS-5000) was employed to determine
the hydrodynamic radius of gelatin as a function of pH (Figure C. 1 ). A sodium
phosphate buffer (I = 0.01 M) was used to attain a pH of 7.0. Acetate buffers (I = 0.01
M), which had been prepared by dissolving reagent grade sodium acetate (Fisher) in
ultra-pure, deionized water (Millipore Q, UF-OR) and adding glacial acetic acid (Fisher)
to adjust the pH, were used to attain pH values of 3.5 and 5.0. Gelatin was dissolved
in these buffers at a concentration of 1 mg/ml and DLS measurements were made at 40°
C to determine the hydrodynamic radius. Our results compare favorably with
dimensions previously determined by Boedtker and Doty (Reference 9 in Chapter 4).
Superimposition of the plots of the ellipsometric parameters A and T vs. applied
surface potential for the gelatin-covered platinum surface immersed in the protein-
containing buffered solution (pH = 7.0, 1 = 0.10 M) at 40° C and the bare platinum
surface immersed in the phosphate buffer (pH = 7.0, 1 = 0.10 M) at 40° C are shown in
Figures C.2 and C.3, respectively. From these plots, a striking resemblance can be
observed between the shape of the curves obtained for the gelatin-covered platinum
surface and for those obtained for the bare platinum surface.
Figures C.4 and C.5 show an adsorbed layer thickness of -70 A and an
adsorbance of -3.7 mg/m^ for gelatin adsorbed from a phosphate buffer (I = 0.1 M) at a
pH of 3.5, where the gelatin possesses a net positive charge. No effect of initial
adsorbing potential on the structure of the adsorbed layer is observed. Direct
comparison can be made between these thickness and adsorbance values and those
measured at a pH of 7.0 (-490 A and -2.4 mg/m2, Figures 4.9 and 4. 10). Gelatin
appears to adsorb in a dense, compact layer (refractive index ~ 1.50) at a pH of 3.5 in
contrast to the more extended conformation {refractive index -1.34 ) observed at a pH
of 7.0. These changes in adsorbed layer structure at different pH values do not correlate
with the dimensions observed for the polymer chain in solution (Figure C.l).
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Figure C.l. Hydrodynamic radius of gelatin as a function ofpH as determined by
dynamic light scattering.
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Figure C.2. Superimposition of the plots of Delta vs. applied potential for the gelatin-
covered platinum foil in the presence of the buffered protein solution (pH = 7.0, 1 = 0.1
M) at 40° C and for the bare platinum surface in the presence of the phosphate buffer
(pH = 7.0, I = 0.10M) at AO' C.
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Applied Potential (V vs Ag/AgCl)
Figure C.3. Superimposition of the plots of Psi vs. applied potential for the gelatin-
covered platinum foil in the presence of the buffered protein solution (pH = 7.0, 1 =
0. 10 M) at 40' C and for the bare platinum surface in the presence of the phosphate
buffer (pH = 7.0, 1 = 0.10 M) at 40* C.
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Figure C.4. Adsorbed gelatin layer thickness on platinum in the presence of an acetate
buffer solution (pH = 3.5, 1 = 0. 10 M) at 40* C as a function of initial adsorbing
potential.
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Figure C.5. The amount of gelatin adsorbed on platinum in the presence of an acetate
buffer solution (pH = 3.5, 1 = 0.10 M) at 40* C as a function of initial adsorbing
potential.
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